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ABSTRACT 
Stratification is a naturally occurring phenomenon in many lakes and reservoirs that is 
often aggravated by increasing agricultural land use. During summer stratification, substantial 
production regularly leads to hypoxic areas below the thermocline, resulting in the loss of 
suitable fish habitat. Additionally, high surface temperatures can also contribute to the loss of 
preferred habitat. Understanding how fish interact with and respond to their environment is a 
critical part of fisheries research and management. My research investigates the effects that low 
dissolved oxygen concentrations and other dynamic environmental variables have on behaviors 
and distributions of largemouth bass, Micropterus salmoides a popular sportfish. To better 
understand how largemouth bass respond to low oxygen concentrations, I performed three 
separate, complementary studies. First, I observed foraging behavior of juvenile largemouth bass 
in simulated stratified environment. Observations provided significant evidence that low 
dissolved oxygen concentrations may restrict access to prey resources below the thermocline. 
Additionally, I observed several behavioral modifications while fish were foraging in low 
oxygen environments. Second, I tracked largemouth bass positions in a stratified lake and 
examined oxygen and temperature selection along with movements in relation to available 
abiotic habitat. I found that largemouth bass generally selected favorable oxygen concentrations 
and temperatures, and were able to occupy areas of suitable habitat despite large portions of the 
water column containing areas of low oxygen concentrations or high temperatures. However, 
there were individuals from the tagged population frequently observed in low oxygen 
environments. Distributions of fish are influenced by a host of dynamic environmental variables 
and their interactions. Considerations of biotic and physical variables in addition to abiotic 
variables such as oxygen concentration and temperature are necessary for a complete 
understanding of fish habitat selection. Thus, I conducted analyses to determine the effects and 
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relative influence of multiple abiotic, biotic, and physical variables on the occurrence of 
largemouth bass. I found that oxygen concentration and temperature had the most influence on 
largemouth bass occurrence. Depth, along with interactions with oxygen and temperature also 
had substantial influence on occurrence. Largemouth bass were positively associated with woody 
structure, but negatively associated with vegetated habitats. Bottom slope and prey density were 
also found to have a slight influence on occurrence. Collectively, my results suggest that summer 
stratification has the potential to significantly influence largemouth bass behaviors and 
distributions in lakes and reservoirs principally through the avoidance of low dissolved oxygen 
concentrations.  
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CHAPTER 1: INTRODUCTION 
Understanding interactions between fish and their environment is a critical component of 
fisheries research and management. Abiotic, biotic and physical characteristics of an 
environment all can determine which habitat a fish will occupy. One of the most influential 
abiotic determinants of fish distribution and behavior is dissolved oxygen (Kramer 1987; Pauly 
and Kinne 2010). Fish commonly exhibit behavioral avoidance in response to low dissolved 
oxygen concentrations via horizontal and vertical migration and habitat shifts (Petrosky and 
Magnuson 1973; Magnuson et al. 1985; Spoor 1990; Kramer 1987; Wannamaker and Rice 
2000).  Avoiding areas of low dissolved oxygen (and seeking out areas of higher dissolved 
oxygen) can be less energetically expensive than inducing phenotypic adaptations to low oxygen 
environments (Huey et al. 2003). Thresholds of avoidance are usually observed at hypoxic 
concentrations which if chronically exposed to, can be lethal for most species. Several studies, 
however have observed avoidance at higher concentrations (Coutant 1985; Suthers and Gee 
1986; Burleson et al. 2001; Eby and Crowder 2002; Robb and Abrahams 2002; Wu RSS 2002) 
suggesting behaviors can be significantly affected at sublethal concentrations. Hypoxia has been 
defined by dissolved oxygen concentrations which drop below survival levels as well as (higher) 
dissolved oxygen concentrations that negatively impact fish behavior or physiology. Quantifying 
hypoxia is difficult given oxygen tolerances for different species of fish vary (Moore 1942). 
Traditionally, hypoxia has been described as < 2.0–3.0 mg/L O2 (USEPA), however other 
research has quantified hypoxia at higher concentrations (Burleson et al. 2001; Robb and 
Abrahams 2002) and have suggested the threshold be raised (Vaquer-Sunyer and Duarte 2008). 
Pollack et al. (2007) propose the definition of hypoxia be reflective of its effects on organisms 
and defined as any level of DO low enough to negatively impact the behavior and (or) 
physiology of an organism, allowing for plasticity between species.   
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Temperature, like dissolved oxygen, is a major determinant of fish distribution and 
behavior (Kramer and Smith 1962; Hanson et al. 2007; Carter et al. 2012).  Fish species have a 
range of thermal tolerances and optima. Inter- and intra-seasonal temperature fluctuations in 
aquatic systems elicit vertical and horizontal migration by fish seeking to maximize their 
energetic intake and growth by experiencing various optimal thermal regions (Wurtsbaugh and 
Neverman 1988).  Temperature differences between water layers are responsible for stratification 
in freshwater lakes and reservoirs (Wetzel 2001). Summer stratification develops when a lake 
surface is heated, creating a temperature disparity between the epilimnion and hypolimnion. 
Density differences between layers limit interaction, thus preventing fresh aerated surface waters 
from reaching the lake bottom causing it to become hypoxic. During winter, a similar 
phenomenon can be observed between colder, ice covered top waters and warmer, denser (~ 4 
°C) bottom waters. Ice cover and snow prevent surface gas exchange, light penetration and 
photosynthesis while decaying organic matter and community respiration reduce oxygen levels 
(Greenback 1945). These periods of pronounced hypoxia can lead to mass mortalities of fish as 
well as decreased growth, fitness and production of fish (Moore 1942; Barica 1974; Barica and 
Mathias 1979; Pollock et al. 2007).  
To avoid negative consequences associated with low dissolved oxygen levels, fish must 
alter their behavior. Most fish avoid hypoxic waters in favor of normoxic waters; however 
avoidance is not always possible. In these situations, fish employ several behavioral 
modifications allowing them to endure low oxygen environments without changing their 
physiology. Adjusting locomotory activity in hypoxic conditions can decrease/delay detrimental 
effects of prolonged exposure to low oxygen environments. By reducing unnecessary activity, 
less oxygen is required for metabolic processes, allowing fish to subsist longer in hypoxic waters 
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(Pauly and Kinne 2010).  Increased activity presumably indicates attempted avoidance by fish 
frantically seeking out more favorable conditions; however, changes in locomotory activity vary 
and are likely situation-specific (Kramer 1987).  Gill flaring and increasing ventilation rates act 
to circulate a larger amount of water across the gill surface in order to extract a higher rate of 
oxygen from the water. Both of these behaviors have been shown to increase as oxygen 
concentrations decrease (Petrosky and Magnuson 1973; Hasler et al. 2009). Positions higher in 
the water column (i.e. closer to the surface) typically contain more oxygen than positions near 
the bottom in aquatic systems. Oxygen uptake occurs from decaying organic matter in the 
sediments while increased aeration and photosynthesis occurs near the surface (Wetzel 2001). 
Aquatic surface respiration (ASR) is a strategy utilized by fish to take advantage of the water 
column oxygen gradient. Oxygen uptake is maximized by respiring just below the surface-
atmosphere interface where oxygen concentrations are greatest. ASR can be performed near 
bubbles under ice during the winter. ASR behavior has been shown to increase as dissolved 
oxygen concentrations decrease (Petrosky and Magnunson 1973; Kramer 1987). 
These behavioral modifications serve as coping mechanisms when fish are exposed to 
hypoxia, but can also be utilized by fish to exploit hypoxic waters. Generally fish avoid hypoxic 
conditions if possible, but individuals have been observed frequenting low oxygen environments 
to forage (Rahel and Nutzman 1994). Hypoxia develops in the benthic zone (Wetzel 2001), but 
can extend into the littoral zone, especially in heavily vegetated systems (Miranda and Hodges 
2000). Limiting access to these resource-rich areas can alter predator-prey interactions and have 
negative effects on fish through decreased consumption. Previous studies on fish foraging 
behavior have investigated influences from a suite of biotic and abiotic factors including 
predators, prey, vegetation, turbidity, temperature, etc. (Savino and Stein 1982; Abrahams and 
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Dill 1989; Chiu and Abrahams 2010).  Except for a few studies that have observed decreased 
consumption at constant low oxygen concentrations (Buentello et al. 2000; Brandt et al. 2009; 
Roberts et al. 2011), dissolved oxygen influences on fish foraging behavior remain virtually 
unstudied. With increased eutrophication of lakes and reservoirs aggravating natural hypoxia via 
urban and agriculture runoff, there is a significant need to quantify fish responses to these 
adverse conditions. 
Optimal foraging theory predicts that fish will consume a diet and exhibit foraging 
behaviors that maximize energetic intake and fitness (Werner and Mittelbach 1981). To 
maximize energetic intake, predators must select for and utilize habitats containing preferential 
conditions and prey while not reducing fitness. Since ideal habitats cannot always be realized 
due to abiotic factors (e.g., oxygen and temperature) and biotic factors (e.g., predation and 
competition), tradeoffs must occur (Coutant 1985; Dill 1987; Abrahams and Dill 1989). How 
fish distribute themselves to forage can be partially explained through ideal free distribution 
theory (Fretwell and Lucas 1970). IFD declares predators that do not have a competitive 
advantage over each other are free to select among habitat patches, having ideal knowledge of 
the amount and rates of resource availability in each patch. Predators should distribute 
themselves throughout patches so that each individual receives an equal amount of food. 
However in nature, competitive advantages exist and some habitat patches contain more risks 
than others (Dill 1987). Fish avoid “risky” habitats (predators present) in favor of “safe” habitats 
(predators absent) while foraging (Abrahams and Dill 1989). Similarly, hypoxia represents 
“risky” habitats for foraging fish causing them to exhibit similar behaviors (Coutant 1985; 
Breitburg et al. 1997; Roberts et al. 2009). Areas of hypoxia in freshwater lakes create costly 
patches for fish inhabitants due to the detrimental effects associated with prolonged exposure 
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(Davis 1975; Kramer 1987). Fish ardently circumnavigate these areas, shifting their diets from 
preferred benthic prey located in hypoxic zones to energetically deficient pelagic prey (Pihl 
1994; Roberts et al. 2009). In several instances, however, fish considered to be intolerant of 
hypoxic conditions have been captured in hypoxic bottom waters. Furthermore, fish diets have 
been observed to contain benthic prey items that are only located in hypoxic areas (Rahel and 
Nutzman 1994; Roberts et al. 2009; Roberts et al. 2012). These observations suggest that while 
fish primarily avoid hypoxic waters, individuals still undertake foraging forays into these areas. 
Individuals are more likely to forage in oxygen depleted areas if they are evading 
predation and possess higher hypoxia tolerances than their predators. Fathead minnows 
(Pimephales promelas) in the presence of a predator displayed preference to low oxygen habitats 
as a refuge from predators with lower hypoxia tolerances (Robb and Abrahams 2002; Abrahams 
and Sloan 2012). Studies on size specific tolerance to hypoxia confirm that smaller fish are more 
likely to select low oxygen habitats than larger fish due to higher hypoxia tolerances (Burleson et 
al. 2001; Reid et al. 2013). Fish may also be forced to forage in hypoxic zones due to their 
smaller size. Juvenile largemouth bass consumption and foraging activity decrease in the 
presence of predators (Parkos and Wahl 2010). Adult largemouth bass (a common predator) 
forage inshore during optimal feeding hours (Sammons and Maceina 2005) while inshore 
movements by juvenile bass are made at night (Irwin and Noble 2000). Thus, juveniles could be 
pushed to offshore habitats during the day to forage on benthic invertebrates located in the 
hypoxic hypolimnion instead of littoral invertebrates in oxygenated waters which are difficult to 
locate at night (McMahon and Holanov 1995). Lower prey resources in shallow oxygenated 
waters (Eby et al. 2005) may also be responsible for offshore benthic foraging.  
6 
 
In addition to fish, hypoxia has also been shown to affect prey behavior and distribution. 
Zooplankton utilize hypoxic hypolimnions as refuge from fish predators due to their higher 
hypoxia tolerance (Hanazato et al. 1989; Klumb et al. 2004; Larsson and Lampert 2011). Benthic 
macroinvertebrates remain in the hypoxic hypolimnion, but will often emerge from anoxic 
substrates to locate areas of greater oxygen concentration making them more vulnerable to 
predation (Rahel and Kolar 1990; Rahel and Nutzman 1994). Prey fish often concentrate above 
the oxycline while avoiding hypolimnetic hypoxia, making them more vulnerable to predation 
(Thompson et al. 2010). Prey fish that refuge in hypoxic areas can also be vulnerable due to 
ineffective antipredator behaviors (Domenici et al. 2007).  
Largemouth bass, Micropterus salmoides, are a popular freshwater sportfish species that 
are both economically and ecologically important (Otis et al.1998; Noble 2002).  As generalist 
predators, largemouth bass use the entire water column to feed, including benthic resources 
(Hodgson and Kitchell 1987). Abundant in lakes and reservoirs, their behavior has been observed 
to be affected by low dissolved oxygen concentrations. In laboratory experiments, largemouth 
bass markedly avoid hypoxic waters (Whitmore et al. 1960; Burleson et al. 2001). Juvenile bass 
may be especially affected as the combination of hypoxia and increased temperatures during the 
summer create suboptimal foraging habitat. To achieve recruitment success juvenile bass must 
grow, make the ontogenetic switch to piscivory and accumulate lipids to help them overwinter. 
During their first winter, larger age-0 bass are more likely to survive than smaller ones (Ludsin 
and DeVries 1997). Reduced access to prey items in suboptimal areas and decreased access to 
prey in optimal foraging habitats due to predation risk and competition may lead to overall 
decreased consumption and increased energy expenditure in order to find prey. Decreased 
consumption can negatively affect growth and delay ontogenetic shifts to piscivory, therefore 
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causing bass to miss critical size thresholds to avoid overwinter mortality. Although avoidance 
behavior in response to low oxygen levels has been documented in generalist predators such as 
largemouth bass, foraging behavior has not been observed.  
To investigate how low dissolved oxygen levels affect largemouth bass behaviors and 
habitat selection, I undertook three separate studies. In chapter 2, I examine influences on 
foraging behavior by observing consumption of juvenile bass exposed to a typical stratified 
summer water column (warm oxygenated epilimnion, cool hypoxic hypolimnion) in a laboratory 
setting. Comparing consumption in oxygenated versus deoxygenated environments yields 
information on restrictions low dissolved oxygen concentrations place on fish foraging. 
Additionally, observations from this study provide a better understanding of underlying 
mechanisms (foraging efficiency, movements and behavioral modifications) by which fish forage 
and behave in low oxygen environments. 
Field studies have been performed to examine largemouth bass habitat selection and 
movements in relation to seasonal and diel periods (Sammons and Maceina 2005), vegetation 
(Sammons et al. 2003), substrate and course woody habitat (Goclowski et al. 2013) and 
temperature (Carter et al. 2012). However, few field studies have been conducted to examine 
oxygen selection by largemouth bass. Previous investigations into largemouth bass oxygen 
selection have been restricted to laboratory experiments (Whitmore et al. 1960; Burleson et al. 
2001). In lakes and reservoirs, only one field study conducted during the winter has observed 
influences of oxygen on largemouth bass habitat selection (Hasler et al. 2009).  
Furthermore, field studies of largemouth bass habitat selection and movements are 
typically limited both spatially and temporally (Fisher and Rahel 2004). Fish positions are 
usually limited to two dimensions while short battery lives of transmitters and receivers constrain 
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the duration of studies to a brief time period (Sammons and Maceina 2005). In chapter 3, I 
investigate movements along with oxygen and temperature selection of adult largemouth bass in 
a lake utilizing a passive, three-dimensional acoustic telemetry array. Continuous three-
dimensional bass positions along with oxygen and temperature measurements are determined 
during summer stratification in a lake to provide insight into how oxygen and temperature affect 
largemouth bass movements and habitat selection in a natural setting. 
 In addition to oxygen concentration and temperature, movements and habitat selection 
by fish can also be driven by biotic and physical variables. Prey fish density has been observed to 
be positively linked to sportfish location and growth (Hale et al. 2008; May et al. 2012). Physical 
structure can also affect selection as many sportfish are positively associated with course woody 
habitat and moderate vegetation densities (Essington and Kitchell 1999; Ahrenstorff et al. 2009). 
Understanding how multiple environmental variables interact and contribute to habitat selection 
of fish is important to effectively managing populations. In chapter 4, I investigate the 
importance of oxygen concentration in addition to several other habitat variables in predicting 
largemouth bass occurrence by linking measured habitat characteristics to largemouth bass 
telemetry positions.  Habitat characteristics including oxygen, temperature, prey density, bottom 
slope, and habitat type (wood, vegetation, or open water) are measured throughout the reservoir 
so that the relative importance of each habitat variable in predicting largemouth bass occurrence 
can be determined. Through laboratory and field studies, I present a rigorous examination of the 
influences of dissolved oxygen (and other environmental variables) on juvenile and adult 
largemouth bass in an effort to improve understanding of their effects on behaviors, movements 
and habitat selection.  
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CHAPTER 2: INFLUENCES OF DISSOLVED OXYGEN ON JUVENILE 
LARGEMOUTH BASS FORAGING BEHAVIOR 
ABSTRACT 
Summer stratification often leads to large areas of hypolimnetic hypoxia in lakes and 
reservoirs. These areas of hypoxia alter fish behaviors and distributions as well as restrict access 
to valuable prey resources, yet few studies have examined foraging behavior of fish in response 
to low dissolved oxygen concentrations. We observed foraging behavior of juvenile largemouth 
bass Micropterus salmoides in response to varying dissolved oxygen concentrations in tanks that 
simulated a stratified lake water column during the summer: 28 °C oxygenated epilimnion, 15 °C 
deoxygenated hypolimnion. Compared with saturated concentrations (8.0–9.0 mg/L), 
hypolimnetic oxygen concentrations of 3.0 mg/L and 1.5 mg/L resulted in a drastic decrease in 
prey consumption, handling efficiency and time spent below the thermocline mainly due to 
avoidance behavior of hypoxic conditions. However, we found at high hypolimnetic prey 
densities, individual fish were more willing to venture into reduced oxygen concentrations. 
Several unique behaviors including transporting prey above the oxycline for consumption, 
aquatic surface respiration and gill flaring were employed by largemouth bass foraging in low 
oxygen environments. Reduced hypolimnetic oxygen concentrations may influence and alter 
feeding strategies, especially for fish that rely on benthic prey resources.  
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INTRODUCTION 
Low dissolved oxygen (DO) concentrations are a recurring issue in many freshwater 
lakes and reservoirs around the world (Wetzel 2001). Primarily establishing in the hypolimnion, 
low DO levels can also extend into the littoral zone in heavily vegetated systems (Miranda and 
Hodges 2000; Caraco et al. 2006). Increased eutrophication of freshwater systems via 
anthropogenic activities aggravates naturally low oxygen levels, intensifying effects on aquatic 
organisms (Diaz 2001). Low oxygen concentrations strongly influence fish behavior and 
distribution (Suthers and Gee 1986; Wannamaker and Rice 2000; Eby and Crowder 2002). Fish 
select habitats containing optimal oxygen levels to facilitate metabolic processes (Kramer 1987). 
In response to low DO levels, fish commonly exhibit behavioral avoidance through horizontal 
and vertical migration and habitat switches (Petrosky and Magnuson 1973; Magnuson et al. 
1985; Spoor 1990; Kramer 1987; Wannamaker and Rice 2000). Fish typically demonstrate these 
behaviors in hypoxic waters (< 2 mg/L O2), but they can also occur at higher concentrations 
(Whitmore 1960; Burleson et al. 2001).  In similar situations, fish avoid typical habitats and shift 
diets from preferred benthic prey located in hypoxic zones to energetically deficient pelagic prey 
(Pihl 1994; Aku and Tonn 1999; Roberts et al. 2009).  
Although many fish avoid hypoxic waters, individuals have been thought to venture into 
hypoxic areas for brief foraging forays. Species considered to be intolerant of hypoxic conditions 
have been captured in hypoxic bottom waters (Roberts et al. 2009). Additionally, their diets have 
been observed to contain benthic prey items that are only located in hypoxic zones (Rahel and 
Nutzman 1994; Roberts et al. 2009; Roberts et al. 2012). Chronic exposure to hypoxic water is 
detrimental to fish physiology (Pollock et al. 2007), however limited exposure can have little 
effect (Vanlandeghem et al. 2010).  
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Fish employ several behavioral modifications to help them endure brief exposures to 
hypoxia without inducing phenotypic adaptations, an act that is energetically expensive (Huey et 
al. 2003). In addition to vertical and horizontal migration, fish have also been observed to alter 
locomotory activity levels during hypoxia. Swimming activity in Atlantic cod, Gadus morhua, 
and sole, Solea solea, decrease in response to hypoxia (Schurmann and Steffensen 1994; Dalla 
Via et al. 1998). By reducing unnecessary activity, less oxygen is required for metabolic 
processes, allowing fish to subsist longer in hypoxic waters (Pauly 2010). Conversely, activity 
has been shown to increase with exposure in other species (Petrosky and Magnuson 1973), 
presumably indicating attempted avoidance. Gill flaring (increasing ventilation rates) circulates a 
larger amount of water across the gill surface in order to extract a higher amount of oxygen from 
the water. Both of these behaviors have been shown to increase as oxygen concentrations 
decrease (Petrosky and Magnuson 1973; Hasler et al. 2009). Aquatic surface respiration (Kramer 
and Mehegan 1981) also increases as oxygen concentrations decrease (Petrosky and Magnuson 
1973).  
Like locomotory activity, consumption is expected to decrease with oxygen since 
metabolic demands associated with feeding (pursuit, digestion and assimilation) are more 
difficult to meet in low oxygen environments (Kramer 1987). Several studies confirm this notion 
among a number of species (Carlson et al. 1980; Buentello et al. 2000; Brandt et al. 2009; 
Roberts et al. 2011). Hypoxia can also act as a barrier, decreasing consumption by limiting 
access to resource-rich benthic areas (Eby et al. 2005; Ludsin et al. 2009; Roberts et al. 2012). 
Decreased consumption can negatively impact growth and survival of fish and can be especially 
consequential for juvenile fishes that need to make ontogenetic diet shifts and need to reach a 
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greater size at age to avoid overwinter mortality or predation (Ludsin and DeVries 1997; Eby et 
al. 2005).    
Effects of low dissolved oxygen concentrations have been investigated for avoidance, 
movements and respiration of fish (Petrosky and Magnuson 1973; Spoor 1990; Wannamaker and 
Rice 2000; Burleson et al. 2001; Hasler et al. 2009). However, few studies have examined the 
influences dissolved oxygen has on foraging behavior. Furthermore, many laboratory studies 
analyzing effects of dissolved oxygen fail to simulate natural limnological conditions. Past 
experiments have observed effects of dissolved oxygen on behavior by subjecting fish to a single 
oxygen concentration (Petrosky and Magnuson 1973; Brandt et al. 2009; Hasler et al. 2009) or 
two discrete oxygen concentrations (Whitmore et al. 1960; Wannamaker and Rice 2000), when 
in a natural setting fish are typically exposed to a gradient of oxygen concentrations. While some 
studies have developed oxygen gradient chambers (Spoor 1990; Burleson et al. 2001), these 
designs do not resemble natural limnological water columns.   
Largemouth bass are a popular freshwater sport fish species that are both economically 
and ecologically important (Otis et al.1998; Noble 2002). As generalist predators, largemouth 
bass use the entire water column to feed, including hypolimnetic benthic resources (Hodgson and 
Kitchell 1987). Benthic prey can be particularly valuable to juvenile fish that have not yet made 
the switch to piscivory (Olsen 1996; Galarowicz et al. 2006; Graeb et al. 2006). Juvenile fish 
may be forced to forage in hypolimnetic areas due to their smaller size. Juvenile largemouth bass 
consumption and foraging activity decrease in the presence of predators (Parkos and Wahl 2010). 
Adult largemouth bass (a common predator) forage inshore during optimal feeding hours 
(Sammons and Maceina 2005) while inshore movements by juvenile bass are made at night 
(Irwin and Noble 2000). Thus, juveniles could be pushed to offshore habitats during the day to 
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forage on benthic invertebrates located in the hypolimnion instead of littoral invertebrates which 
are difficult to locate at night (McMahon and Holanov 1995). Lower prey resources in littoral 
areas may also be responsible for offshore benthic foraging (Eby et al. 2005). Additionally, 
zooplankton, invertebrates and fish species use the hypoxic hypolimnion as a refuge from 
predators potentially making the hypolimnion a resource rich area for hypoxia-tolerant predators 
(Rahel and Nutzman 1994; Domenici et al. 2007; Larsson and Lampert 2011). Although 
largemouth bass behavior has been shown to be affected by low dissolved oxygen concentrations 
(Burleson et al. 2001), oxygen effects on foraging behaviors have not been investigated. Using 
juvenile largemouth bass, Micropterus salmoides, we quantified in a laboratory, the effects of 
low dissolved oxygen concentrations on foraging behavior in a simulated summer water column 
(warm oxygenated epilimnion, cool hypoxic hypolimnion). Our objectives were to quantify and 
compare (i) consumption and (ii) feeding activities (efficiency, movements and behavioral 
modifications) in oxygenated and deoxygenated environments. We evaluated the hypothesis that 
low dissolved oxygen concentrations commonly occurring in the hypolimnion of aquatic systems 
during the summer can affect behavior and decrease consumption of juvenile largemouth bass.  
 
MATERIALS AND METHODS 
Laboratory Design 
 Effects of low hypolimnetic dissolved oxygen levels on fish were evaluated in a 
controlled laboratory setting by utilizing stratified water columns (Figure 2.1) similar to those 
created by Bodamer and Bridgeman (2014). To create a stratified water column, semi-clear 155 
cm high, lightweight polymer fiberglass cylindrical tanks (46 cm diameter) with a sealed bottom 
were submerged to a third of their height (52 cm) inside of fiberglass rectangular tanks (213 x 61 
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x 56-cm; 530 L total volume). Experimental tanks were filled with conditioned water and 
deoxygenated by bubbling nitrogen gas throughout the tank column until the desired oxygen 
concentration was reached. Control tanks were oxygenated by bubbling oxygen throughout the 
tank column. Thermal stratification was achieved by decreasing water temperature inside the 
rectangular tanks using a water chiller (1 hp), causing water temperature inside the submerged 
portions of the cylindrical tanks to also decline. An 800 watt titanium heater connected to a 
digital temperature controller was used to heat the epilimnion, creating temperature and density 
differences between the bottom and top areas of the tanks sufficient to maintain stratification. In 
experimental tanks, once stratification was complete, the epilimnion was re-oxygenated to a 
saturated concentration. The resulting tank water column simulated lake and reservoir water 
columns during the summer consisting of a warm oxygenated epilimnion, transitional 
metalimnion and cool deoxygenated hypolimnion.  
 For trials, six cylindrical tanks were placed in three rectangular tanks (two per tank) each 
containing a chiller unit. Temperature regimes of water columns used in tanks were established 
to reflect those observed in water columns of several freshwater Illinois lakes during summer 
months (June, July, August) over a five year period from 2007–2012 (Diana and Wahl, 
unpublished data). The epilimnion (top third) of the tanks were kept at 28 ± 1.0 °C whereas the 
hypolimnion (bottom third) was kept at 15 ± 1.0 °C.  The metalimnion (middle third) was 
unregulated, but ranged from 20–24 °C.  
Study Animals 
 Juvenile largemouth bass used in the experiment were collected from central Illinois 
lakes and transported to the Kaskaskia Biological Station, Sullivan, IL, USA in large (378 L) 
aerated tanks. Bass were held inside of fiberglass rectangular tanks (530 L) where water 
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temperature was maintained at 21 ± 2.0 °C, and dissolved oxygen concentrations were 
maintained between 7.0–9.0 mg /L. A total of 144 bass ranging from 70 to 90 mm total length 
(mean 77.5 ± 0.54 mm SE) were used for trials. Fish were held and fed a diet of frozen and live 
bloodworms, Chironmus, for at least fourteen days before use. Fish were moved from 
rectangular tanks to thermally stratified cylindrical acclimation tanks and fed for three days prior 
to their use in trials. They were then moved to the appropriate stratified treatment tanks and 
starved 24 h prior to the start of each trial to ensure similar acclimation and hunger levels. 
Preliminary trials confirmed this acclimation period to be sufficient for fish to become familiar 
with the tank and exhibit normal foraging behavior. Only healthy individuals, with no visible 
disease or malformations, and observed to have normal swimming and feeding behavior were 
used in the experiment. Tanks were surrounded by opaque curtains to prevent fish from being 
disturbed during acclimation and trial periods. California blackworms, Lumbriculus variegatus, a 
readily available and palatable prey source that exhibit movement and burrowing behavior 
similar to other aquatic benthic macroinvertebrates, were used as prey during trials. 
Experimental Protocol  
 To test foraging behavior, we used a 3 x 6 factorial design with three distinct 
hypolimnion oxygen concentrations each occurring with six different feeding treatments. Each 
treatment combination was replicated eight times for a total of 144 trials. To control for any long 
term temporal variation, week was used as a blocking factor. All trials were conducted in one of 
six identical tanks described previously. Prior to beginning trials, a randomization scheme was 
generated using statistical software (PROC PLAN; SAS® Version 9.2) to ensure that each 
treatment combination was randomly assigned.  
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 Hypolimnetic oxygen treatments used included 1.5 mg/L, 3.0 mg/L, and a saturated 
concentration that does not stress largemouth bass (8.0–9.0 mg/L). The lowest oxygen 
concentration (1.5 mg/L) is below the critical oxygen tension of largemouth bass and is a level 
that largemouth bass markedly avoid (Whitmore et al. 1960; Yamanaka et al. 2007). Studies 
have also shown that largemouth bass exhibit avoidance of oxygen concentrations near 3.0 mg/L, 
but not above 4.0 mg/L (Whitmore et al. 1960; Burleson et al. 2001; Hasler et al. 2009).  
 As generalist predators, largemouth bass feed in both littoral and benthic areas (Garcia-
Berthou 2002). Feeding treatments consisted of six treatments with prey occurring in the 
epilimnion, hypolimnion or both layers of the cylindrical tanks. To hold prey, two square plastic 
containers (10.5 x 10.5 x 6-cm) were placed in each cylindrical tank. One container was set on 
the bottom of the tank in the hypolimnion and the other container was suspended in the 
epilimnion using clear monofilament line attached to the outside of the tank. Containers were 
filled with a thin layer of sand to simulate substrate and allow the prey to burrow. The six 
feeding treatments included: (1) similar densities (1.25 g) of prey in top and bottom containers 
(equal prey amounts), (2) prey (2.50 g) in the bottom container only (bottom only), (3) prey (2.50 
g) in the top container only (top only), (4) no prey in either container (no prey), (5) a low prey 
density (0.50 g) in the bottom container only and (6) a high prey density (4.50 g) in the bottom 
container only. The first treatment (1) was to test juvenile largemouth bass foraging behavior 
with an equal amount of prey in both layers. The next two treatments (2 and 3) tested foraging 
behavior in each the hypolimnion and epilimnion when prey was absent in the other layer. The 
fourth treatment (4) tested bass distribution among different oxygen concentrations in absence of 
prey. The last two feeding treatments (5 and 6) in combination with feeding treatment 2 were 
used to test the effects of varying prey densities on bass foraging in the hypolimnion. Prey 
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densities for treatments 1–3 were established through feeding trials conducted in 38 L aquaria to 
determine how much prey could be consumed by juvenile largemouth bass (70–90 mm) during a 
trial period. Then, 0.50 g of prey was added to that amount to ensure food was not limited. 
Additional trials were conducted to test tank effects on juvenile largemouth bass positional and 
feeding preference (i.e., was there a bias towards occupying and feeding at the top or bottom 
portions of the tank). These trials included two feeding treatments, (1) and (4) from above, a 
uniform temperature (21 ± 2.0 °C) and a saturated oxygen concentration (8.0–9.0 mg/L) 
throughout the entire water column. Each feeding treatment was replicated eight times.  
Trials lasted for 1 h and consisted of one fish per trial. Directly prior to the beginning of a 
trial, heaters were removed and temperature and oxygen readings were taken in the epilimnion, 
metalimnion and hypolimnion of the trial tank to ensure levels were consistent with set treatment 
levels (YSI 85 temperature and dissolved oxygen meter; YSI Incorporated. Columbus, OH, 
USA). Prey was carefully placed into the appropriate containers using PVC pipes to ensure prey 
were only located inside containers. Cameras (AUC-75, Atlantis Camera, Englewood, New 
Jersey, USA) suspended directly above the tanks captured movements and foraging behaviors of 
fish for the duration of the trial. Tanks were siphoned for debris and a partial water replacement 
was performed after each trial. Additionally, tanks were cleaned with a full water replacement 
every two weeks. 
Experimental Analysis 
To avoid any bias relating to experience, no individual fish was used more than once. 
Oxygen and temperature levels were measured to ensure consistency throughout the trial 
duration. Remaining prey in bottom and top containers were siphoned and weighed to the nearest 
0.001 g. Consumption was determined by subtracting post-trial prey weight from pre-trial prey 
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weight. Any prey that fell from the top container to the bottom were identified on video and 
corrected in consumption values by adding or subtracting the weight of the number of prey that 
fell. Trial recordings were converted to digital files using a video capture device and associated 
software (GrabBee X 2.0; Videohome Technology Corporation; Taipei, Taiwan).  Recordings 
were used to quantify forays and time spent below the thermocline, strikes and rejections 
(expelling or escapement of prey) and foraging behavior of fish. Quantified behaviors included 
gill flaring, aquatic surface respiration, and transporting prey above the thermocline for 
consumption, herein termed vertical prey transfer.   
Statistical Analysis 
For positional and consumption trials, differences between top and bottom consumption 
and occupation time were tested using paired t-tests. All other analyses were performed using a 
linear mixed model incorporating fixed effects of oxygen concentration, feeding treatment, 
interactions between these factors, and a random blocking factor (week). When significant main 
effects were found for the fixed factor oxygen, post hoc comparisons between levels were 
assessed within feeding treatments using Fisher LSD tests which preserves experimentwise type 
1 error rate when the number of treatment groups is equal to three (Meier 2006). When feeding 
treatment or oxygen by feeding treatment interactions were significant, comparisons between 
levels of feeding treatments within an oxygen concentration were made using linear contrasts 
with a Tukey modification to control family-wise error rates. For consumption and foraging 
analysis, total fish size (mm) was used as a covariate. Consumption was calculated as the 
proportion of available food consumed. Time spent below the thermocline was calculated as a 
proportion of the trial time fish remained in the bottom portion of the tank. Effects of prey 
density were examined by comparing fish distribution at each oxygen concentration across prey 
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densities. Behavioral data was compared across oxygen concentrations. All errors were tested for 
assumptions of normality using a Shapiro-Wilk’s test and homogenous variances using Levene’s 
test. In cases where model residuals did not conform to a normal distribution, an arcsine 
transformation was applied to proportion data and a square root transformation was applied to 
count data. All analyses were performed using the SAS® system version 9.2 (SAS Institute Inc., 
Cary, North Carolina) and all tests were considered significant at an alpha of 0.05. 
 
RESULTS 
 Dissolved oxygen concentrations did not fluctuate more than ± 0.15 mg/L from 
predetermined levels during trial periods.  Temperature levels remained constant in the 
hypolimnion (15 °C) and did not fluctuate more than ± 1.0 °C in the epilimnion (28 °C) from 
predetermined levels. In trials without an oxygen or temperature gradient, fish showed no 
feeding preference towards the epilimnion or hypolimnion as consumption between the two did 
not differ (P = 0.23). Time spent in the hypolimnion also did not differ from time spent in the 
epilimnion when food was equally available in both areas (P = 0.20) or in absence of prey (P = 
0.82).  
Consumption 
 Consumption in the epilimnion or hypolimnion of the tanks did not change through time 
(week; P > 0.16) or with fish size (P > 0.14). Consumption in the epilimnion was not 
significantly different regardless of hypolimnetic oxygen concentrations (df = 2, 47; F = 0.36; P 
= 0.70; Figure 2.2). However, hypolimnetic consumption significantly decreased with oxygen 
concentration (df = 2, 47; F = 21.85; P < 0.01). When prey was equally available in the top and 
bottom, consumption at all three hypolimnetic oxygen concentrations were different from each 
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other (P < 0.02; Figure 2.2A). Consumption in hypolimnion was less than consumption in the 
epilimnion at all hypolimnetic oxygen concentrations (P < 0.05). When prey was only in the 
bottom, consumption at all three hypolimnetic oxygen concentrations were again different from 
each other (P < 0.04; Figure 2.2B). When comparing feeding treatments with prey in the bottom 
only to feeding treatments with prey in the top only, consumption in the hypolimnion was less 
than consumption in the epilimnion at 1.5 and 3.0 mg/L (P < 0.01), indicating reduced 
consumption at lower oxygen concentrations. However, consumption in the hypolimnion was not 
significantly different from consumption in the epilimnion at saturated concentrations (P = 0.34), 
suggesting that while reduced oxygen concentrations were responsible for decreased 
consumption, reduced temperatures had no effect on consumption.  
Distribution Below Thermocline 
 Time spent by fish below the thermocline was significantly affected by oxygen 
concentration (df = 2, 95; F = 38.13; P < 0.01) and feeding treatment (df = 3, 95; F = 12.05; P < 
0.01) as well as the interaction between these two factors (df = 6, 95; F = 3.83; P < 0.01; Figure 
2.3A). In feeding treatments with prey in both the top and bottom or no prey in either area, time 
spent below the thermocline significantly decreased with oxygen at each concentration (P < 
0.01). When prey was in the bottom only, fish spent less time below the thermocline at 1.5 and 
3.0 mg/L than at saturated levels (P < 0.01). Similarly, when prey was in the top only, fish spent 
less time below the thermocline at 1.5 and 3.0 mg/L than at saturated levels (P < 0.01). Time 
spent below the thermocline within an oxygen concentration was not significantly different 
among feeding treatments at oxygen concentrations of 1.5 or 3.0 mg/L. At saturated 
concentrations, time spent below the thermocline in feeding treatments with prey in the bottom 
of the tanks was significantly higher than in those without prey located in the bottom (P < 0.01; 
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Figure 2.3A). Furthermore, time spent below the thermocline was higher when prey density was 
higher (feeding treatment 2 compared to 1; P = 0.05).  
Fish also made fewer visits below the thermocline when oxygen concentrations were 
lower. Number of trips below the thermocline was affected by oxygen concentration (df = 2, 95; 
F = 19.93; P < 0.01) and feeding treatment (df = 3, 95; F = 8.96; P < 0.01), but not the interaction 
between these two factors (df = 6, 95; F = 1.26; P = 0.29). When prey was available in both the 
top and bottom, the number of trips below the thermocline significantly decreased with oxygen 
concentration (P < 0.05; Figure 2.3B). When prey was in the bottom only, the number of trips 
was fewer at 1.5 mg/L than at saturated concentrations (P < 0.01). When prey was in the top 
only, fewer trips were taken at 1.5 mg/L than at 3.0 mg/L and saturated concentrations (P < 
0.02). With no prey in either area, the number of trips below the thermocline was not 
significantly different among hypolimnetic oxygen concentrations (P = 0.08). At saturated 
concentrations fish were more likely to go below the thermocline in treatments that contained 
prey in the bottom (P < 0.01). 
Foraging Success 
Foraging attempts (strikes) in the hypolimnion were significantly affected by oxygen 
concentration (df = 2, 47; F = 10.65; P < 0.01) and feeding treatment (df = 1, 47; F = 15.25; P < 
0.01), but not the interaction between these two factors (df = 2, 47; F = 1.50; P = 0.23). When 
equal amounts of prey were in both the top and bottom, strikes at saturated concentrations in the 
epilimnion and hypolimnion were greater than strikes in the hypolimnion at 3.0 and 1.5 mg/L (P 
< 0.01; Figure 2.4A). At saturated concentrations, the number of strikes per trial above the 
thermocline was greater than strikes below the thermocline (P < 0.01). The number of strikes 
was not significantly different when prey was in the top only compared to when prey was in the 
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bottom only at saturated levels (P = 0.47). However, strikes in the hypolimnion at saturated 
concentrations were significantly higher than at 3.0 and 1.5 mg/L (P < 0.01). At saturated 
concentrations, the number of strikes in the hypolimnion was higher when prey was greater in 
the bottom (treatment 2 compared to treatment 1; P < 0.01).  
Prey handling became increasingly difficult for fish as oxygen concentrations decreased 
(df = 2, 47; F = 17.20; P < 0.01; Figure 2.4B). Fish size did not affect prey handling ability (df = 
1, 47; F = 0.76; P = 0.39). When prey was equally available in both the top and bottom, rejection 
rates (rejections per strike) were all significantly different among hypolimnetic oxygen 
concentrations (P < 0.05). Rejection rates above the thermocline were similar to rejection rates 
below the thermocline at saturated concentrations (P = 0.80). When prey was in the bottom only, 
rejection rates among hypolimnetic oxygen concentrations were all significantly different (P < 
0.05). At saturated concentrations, rejection rates above the thermocline when prey was in the 
top only were similar to rejection rates below the thermocline when prey was in the bottom only 
(P = 0.41), indicating no temperature effect on rejection rates of prey.  
Density Effects 
 Time and number of trips below the thermocline increased with prey densities in the 
bottom. At 1.5 and 3.0 mg/L, both time spent below the thermocline (Figure 2.5A) and trips 
below the thermocline (Figure 2.5B) were lower at the two lowest prey densities compared to the 
highest prey densities (P < 0.05). At saturated concentrations, time spent below the thermocline 
was significantly lower at low prey densities than at the two higher prey densities (P < 0.01). 
There were also significantly fewer trips below the thermocline at the lowest prey densities than 
at the highest densities at saturated concentrations (P = 0.05). 
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Behavioral Responses 
 Fish displayed several unique behaviors when foraging in low oxygen environments 
below the thermocline. Three distinct behaviors were observed for fish after exposure to reduced 
oxygen concentrations below the thermocline including gill flaring, aquatic surface respiration 
and vertical prey transfer. Gill flaring was exhibited by fish both when they were below the 
thermocline as well as after returning above the thermocline. Gill flaring occurred significantly 
more at oxygen concentrations of 1.5 mg/L compared to saturated concentrations (P < 0.01; 
Figure 2.6). Aquatic surface respiration occurred as fish traveled from below the thermocline 
directly to the water-surface interface in the top portion of the tank. Aquatic surface respiration 
occurred significantly more at 1.5 mg/L than at saturated concentrations (P = 0.04; Figure 2.6). 
Vertical prey transfer occurred when a fish captured food below the thermocline and transferred 
it above the thermocline to consume it. Fish utilized vertical prey transfer significantly more at 
1.5 mg/L than at saturated concentrations (P = 0.01; Figure 2.6).  
 
DISCUSSION 
 In the laboratory, we tested effects of low dissolved oxygen concentrations on juvenile 
largemouth bass foraging behavior by simulating summer water columns. Largemouth bass 
consumption, handling efficiency and time spent within an area decreased with dissolved 
oxygen. Previous work has examined behavior in systems with uniform oxygen concentrations, 
but because aquatic systems rarely go entirely hypoxic, the stratification system we used allowed 
for observation of fish foraging behavior in a more natural setting (i.e. fish had the choice to 
move between deoxygenated and oxygenated areas). Previous research in systems with uniform 
oxygen concentrations has found that fish consume less at lower oxygen concentrations (Stewart 
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et al. 1967; Carlson et al. 1980; Breitburg et al. 1994; Wu 2002). However, these studies assume 
that fish are chronically exposed to a single oxygen concentration and consumption declines 
through decreased appetite and activity (Kramer 1987; Pauly 2010). In contrast, our findings 
largely suggest decreased consumption through limited access to prey (i.e. avoidance behavior of 
hypoxia) as fish spent a greater time below the thermocline at saturated oxygen concentrations 
than at reduced concentrations. In addition to avoidance behavior, we observed decreased prey 
handling efficiency at hypoxic oxygen concentrations. Fish were over four times less likely to 
successfully capture prey at 1.5 mg/L than at saturated concentrations. Reduced foraging ability 
in response to hypoxia has been observed in green crabs (Brante and Hughes 2001), but has 
seldom been documented in fish, especially freshwater species. However, largemouth bass have 
been observed to contain less food in their stomach during hypoxic periods (Brown et al. 2015).  
Furthermore, swimming activity can increase as fish are initially subjected to hypoxic waters, 
likely in the search for oxygenated waters (Pollack et al. 2007; Brandt et al. 2009). Reductions in 
foraging efficiency coupled with rapid swimming activity to limit time spent in hypoxic waters 
most likely contribute to decreased hypolimnetic consumption at low oxygen concentrations.  
  Distribution below the thermocline was largely influenced by oxygen concentration; 
though prey availability and density also played a role. However, the effect of prey availability 
and density was only apparent at saturated concentrations. In feeding treatments containing prey 
in the saturated hypolimnion, fish made more trips and spent a larger proportion of time below 
the thermocline compared to feeding treatments without prey. Furthermore, fish spent a larger 
proportion of time in the hypolimnion when it contained a greater prey density. When prey was 
located in the hypolimnion at reduced oxygen concentrations, differences in distribution were 
only observed between feeding treatments with high prey densities. At these high densities, fish 
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were willing to increase their trips and time spent below the thermocline compared to feeding 
treatments containing lower prey densities. These results suggest that although reduced oxygen 
strongly deterred fish from the hypolimnion, high prey densities were able to offset some of the 
effect of low oxygen on distribution. Similarly, sufficient amounts of prey have been shown to 
offset the effect of predation risk on foraging fish (Abrahams and Dill 1989). Several studies 
have documented fish willing to endure hypoxic conditions in order to consume energetically 
rich macroinvertebrate prey (Rahel and Nutzman 1994; Roberts et al. 2009; 2012). Presumably, 
the costs of venturing into these hypoxic environments are offset by the benefits obtained from 
increased prey density or energetically superior prey resources found in benthic areas. 
 Juvenile largemouth bass displayed several behaviors at low oxygen concentrations that 
were not observed in normoxic conditions. Behavioral modifications in response to low 
dissolved oxygen levels has been documented in various freshwater fish species, including 
largemouth bass (Petrosky and Magnuson 1973; Hasler et al. 2009). In an attempt to maximize 
oxygen uptake, fish were observed utilizing gill flaring and aquatic surface respiration during or 
directly after hypoxic exposure. Altered behaviors may serve as coping mechanisms when fish 
are exposed to hypoxia and can also be utilized by fish to exploit hypoxic waters. However, these 
behaviors are energetically expensive and may make juvenile bass more vulnerable to predation. 
We also observed a unique behavior, vertical prey transfer, which has not been documented 
before. Individual fish were frequently observed using vertical prey transfer as a means of 
consuming prey located in the hypoxic hypolimnion. Other studies exploring consumption in 
response to reduced oxygen concentrations may have missed this behavior due to use of a 
uniform oxygen concentration, uniform temperature, mobile prey source, or by conducting field 
studies where such observations are not possible. By bringing invertebrate prey above the 
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thermo/oxycline for consumption and digestion, fish conceivably reduce energetic costs 
associated with prolonged exposure to hypoxic conditions and increase food conversion 
efficiency which is reduced at concentrations < 4.0 mg/L (Stewart et al. 1967). Vertical prey 
transfer may not be feasible in deeper lakes where the costs of repeated dives in and out of the 
hypoxic zone could outweigh the benefits of captured prey. 
 In stratified lakes, differences in temperature are often observed above and below the 
thermocline. Temperature, like dissolved oxygen, is a major determinant of fish distribution and 
behavior (Kramer and Smith 1962; Hanson et al. 2008; Carter et al. 2012). Intra-seasonal 
temperature fluctuations in aquatic systems elicit vertical and horizontal migration by fish 
seeking to maximize their energetic intake and growth by experiencing various optimal thermal 
regions (Wurtsbaugh and Neverman 1988). For largemouth bass, optimal growth temperature is 
around 25 °C (Niimi and Beamish 1974). We did not measure the effect of temperature, but there 
was evidence of a temperature effect highlighted by bass preference for the epilimnion (20–28 
°C) at saturated hypolimnetic concentrations. Preference for the upper water column was not 
observed in trials with a uniform temperature. Effects of temperature were further reflected in 
consumption between the hypolimnion and epilimnion when prey location varied and oxygen 
concentrations were saturated. When prey was equally available in both the top and bottom, 
consumption was lower in the hypolimnion than in the epilimnion. However, when prey was 
limited to the bottom only, consumption was not different compared to when prey was limited to 
the top only. Largemouth bass preferred to forage in an environment with optimal (warmer) 
temperatures if prey types and densities were similar both above and below the thermocline. 
However, when prey was located in the bottom only (15 °C), bass disregarded temperature 
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preference to forage. In contrast, we did not observe the same tradeoff at reduced oxygen 
concentrations.  
Although there was decreased consumption by fish at low oxygen concentrations, such 
environments do not act as absolute barriers to fish foraging. Fish were observed swimming into 
the hypolimnion at our lowest oxygen concentration to consume prey. Previous studies have 
found evidence of fish foraging in hypoxic environments (Rahel and Nutzman 1994; Roberts et 
al. 2012). However, these hypoxic foraging forays tend to be brief, energetically expensive, and 
may not occur commonly in environments with extreme hypoxia (Rahel and Nutzman 1994). 
Thus, low concentrations of dissolved oxygen have the potential to limit access to prey resources 
below the oxycline, which may have repercussions on the timing of ontogenetic diet shifts to 
piscivory and overwinter survival of juvenile bass (Ludsin and DeVries 1997). These effects 
would be expected to become more substantial in lakes with small or resource depleted littoral 
zones. Resource depletion can occur through increasing fish densities in littoral areas due to 
hypoxia avoidance behavior (Campbell and Rice 2014). In such systems, reliance on offshore 
benthic prey resources can be considerable (Lewin et al. 2004). Juveniles could also be displaced 
from heavily vegetated littoral zones that are typically hypoxic and can become particularly 
heated during the summer, making them an unfavorable habitat for fish or prey (Miranda and 
Hodges 2000).  
Low concentrations of hypolimnetic dissolved oxygen are prevalent in lakes and 
reservoirs for several months during the summer due to stratification. Increases in anthropogenic 
inputs to these systems may intensify and extend periods of bottom hypoxia. We could only 
reduce hypolimnetic oxygen concentration in tanks to 1.5 mg/L and still have stable stratification 
between layers. Our hypoxic zone depth was also limited to the submerged portion of the tanks. 
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Natural levels of hypoxia can occur at both lower and deeper levels than we could generate in 
this experiment. However, our results still clearly demonstrate low oxygen effects on juvenile 
largemouth bass consumption and behavior. Consumption should be expected to decrease further 
at levels of extreme hypoxia, deeper hypoxic areas or as a result of other environmental factors 
such as turbidity (Rahel and Nutzman 1994; VanLandeghem et al. 2011). Decreased 
consumption through exposure to reduced oxygen levels likely lead to subsequent decreases in 
growth. Our trials were too brief to measure growth, but juvenile largemouth bass exposed to 
low oxygen concentrations exhibit reduced consumption and growth compared with bass kept at 
higher oxygen concentrations (Stewart et al. 1967). Density dependent reductions in growth can 
also occur through crowding of oxygenated areas (Campbell and Rice 2014). Future research 
should investigate growth rates and energetic costs related to foraging behavior in stratified 
systems to better understand consequences of reduced oxygen concentrations on fish 
populations.  
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FIGURES 
Figure 2.1. Diagram showing tank stratification design where thermal stratification (control) was 
achieved by using a chiller to reduce water temperature of the submerged portion of the 
cylindrical tank while a heater increased water temperature of the upper water column. Oxygen 
stratification (experimental) was created by bubbling nitrogen gas throughout the tank water 
column to reduce oxygen content and then re-oxygenating the upper water column once thermal 
stratification was complete. Containers placed in both the bottom and top of tanks were used to 
hold prey.  
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Figure 2.2. Consumption (proportion consumed) of available prey across three oxygen 
concentrations (saturated, 3.0 mg/L and 1.5 mg/L). Different letters indicate significant 
differences in consumption in the hypolimnion (dark bars) and epilimnion (grey bars) across 
oxygen concentrations when prey was available in both the top and bottom of the tank (treatment 
1; A) and when prey was available in only the top (grey bars) or bottom (dark bars) portions of 
the tank (treatments 2 and 3; B). Asterisks indicate significant differences in consumption 
between the hypolimnion and epilimnion within each oxygen concentration.  
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Figure 2.3. Proportion of time spent below the thermocline (A) and number of trips made below 
the thermocline (B) during trials at each feeding treatment across three oxygen concentrations 
(saturated, 3.0 mg/L and 1.5 mg/L). Feeding treatments include (1) prey in top and bottom, (2) 
prey in the bottom only, (3) prey in the top only and (4) no prey.  
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Figure 2.4. Number of strikes (A) and rejections per strike (B) during trials for each feeding 
treatment across three oxygen concentrations (saturated, 3.0 mg/L and 1.5 mg/L). Feeding 
treatments include (1) prey in the top and bottom and (2) prey in the bottom only.  
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Figure 2.5. Proportion of time spent below the thermocline (A) and number of trips below the 
thermocline (B) during trials with varying hypolimnetic oxygen concentrations (saturated, 3.0 
mg/L and 1.50 mg/L) and prey densities (0.50 g, 2.50 g and 4.50 g). Different letters indicate 
significant differences in proportion of time spent below the thermocline or number of trips 
below the thermocline among differing prey densities within an oxygen concentration.  
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Figure 2.6. Mean number of times each behavior was displayed at three oxygen concentrations 
(saturated, 3.0 mg/L and 1.5 mg/L) during trials. Observed behaviors include gill flaring (GF), 
aquatic surface respiration (ASR) and vertical prey transfer (VPT). Different letters indicate 
significant differences in behavior occurrences across oxygen concentrations.  
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CHAPTER 3: MOVEMENTS AND HABITAT SELECTION OF LARGEMOUTH BASS 
IN A STRATIFIED LAKE 
 
ABSTRACT 
 Suitable habitat in lakes and reservoirs during the summer season is often reduced due to 
low hypolimnetic oxygen concentrations and high epilimnetic surface temperatures. This annual 
reduction in habitat has been known to alter fish behaviors and distributions, however, sportfish 
responses are relatively unknown. Using a passive acoustic telemetry array, we tracked fine-scale 
three-dimensional movements of adult largemouth bass Micropterus salmoides to characterize 
movements and habitat selection in relation to unsuitable oxygen and temperature conditions in 
Ridge Lake, Illinois. During summer stratification, the amount of suitable habitat within the lake 
was reduced to a small portion of the water column primarily due to large areas of hypolimnetic 
oxygen concentrations less than 2.0 mg/L. Despite the severe reduction in habitat, largemouth 
bass were able to find and move into portions of the water column that contained suitable habitat 
as indicated by depth usage. Horizontal movements suggested that bass were able to avoid high 
surface temperatures by inhabiting cooler, shaded areas within the lake. Bass positively selected 
oxygen concentrations greater than 6.0 mg/L and temperatures between 25–27 °C. However, 
individuals from the tagged population were frequently observed in the hypoxic hypolimnion, 
suggesting that hypoxia does not act as a barrier to bass movement. This study provides unique 
information on fine-scale spatial and temporal movement behaviors of a lake sportfish, providing 
insight into how populations respond to adverse abiotic conditions during the summer.  
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INTRODUCTION 
Lakes and reservoirs naturally stratify for several months during the summer each year, 
typically creating large areas of low hypolimnetic dissolved oxygen (Wetzel 2001). Combined 
with high surface temperatures, areas of suitable habitat for fish can be greatly diminished. This 
dissolved oxygen (DO)‒temperature “squeeze” commonly persists throughout the warmer 
summer months in temperate and southern systems. In many lakes, oxygen levels are reduced 
further by nutrient inputs from adjacent agricultural land use in the watershed (Hale et al. 2008). 
Many fish species, including highly-prized sportfish are affected both directly and indirectly by 
the presence of low hypolimnetic oxygen concentrations and high epilimnetic temperatures. 
Sportfish mortality can be a direct result of inadequate oxygen or high temperatures (Smale and 
Rabeni 1995). Loss of preferred habitat, refuge and negative effects on growth rates can have 
indirect consequences on sportfish populations (De Stasio et al. 1996; Kramer 1987).  
Effects of reduced suitable abiotic habitat have been frequently documented for 
coolwater species in large costal systems and lakes. Most notably, the summer oxygen-
temperature squeeze has been observed to have adverse effects on striped bass Morone saxatilis, 
a recreational fish species stocked in lakes and reservoirs. Striped bass distributions, movements 
and behaviors are altered leading to crowding of optimal habitat or refuge areas, decreased 
growth and condition, and higher mortality rates (Coutant 1985; Zale et al. 1990; Jackson and 
Hightower 2001). In addition, multiple species in large costal or lake systems have been found to 
show similar crowding behavior in an attempt to avoid suboptimal abiotic conditions leading to 
several sublethal and sometimes lethal consequences (Eby and Crowder 2002; Eby et al. 2005; 
Zhang et al. 2009). While the oxygen-temperature squeeze effect has been well documented for 
coolwater fishes, the effects of reduced abiotic habitat during the summer on movements and 
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distributions of warmwater species inhabiting inland systems has been seldom investigated. 
Inland lakes and reservoirs are regularly subjected to large areas of suboptimal habitat during the 
summer months which can affect distributions and negatively affect growth rates of sportfish 
species (Gebhart and Summerfelt 1978; Hale 1999).  
Largemouth bass Micropterus salmoides are a popular freshwater sportfish species that 
are both economically and ecologically important (Otis et al.1998; Noble 2002). Determining 
habitat use by largemouth bass and influencing factors of habitat selection within lakes and 
reservoirs are necessary for properly managing populations of bass and associated species. 
Several laboratory studies have shown that low dissolved oxygen concentrations influence 
largemouth bass and other warmwater sport fish behavior and movements (Whitmore et al. 1960; 
Burleson et al. 2001). While these studies observe the influences of dissolved oxygen on fish 
behaviors and movements, they are run in controlled environments that do not consider other 
influencing factors such as oxygen and temperature gradients that are encountered in natural 
limnological settings (Hasler et al. 2009). During summer stratification, gradients in the water 
column can dictate oxygen and temperature selection of fish. For example, fish may not have 
access to preferred temperatures due to low bottom oxygen concentrations (Hale 1999; Pierce et 
al. 2013). While potential effects of diminished abiotic habitat quality on fish have been 
modeled, knowledge of fine-scale spatial and temporal movements, distributions and selection of 
individual fish in a natural environment is needed to fully understand how fish populations are 
affected by suboptimal oxygen concentrations and temperatures (Rose et al. 2009; Brant et al. 
2011).  
Using a three-dimensional passive acoustic telemetry array, we quantified positions of 
adult largemouth bass in relation to dissolved oxygen concentrations and temperatures 
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throughout a summer season in a temperate lake. The first objective of this study was to quantify 
positions and distributions of largemouth bass in relation to available abiotic habitats during the 
summer. Our second objective was to observe oxygen and temperature selection of largemouth 
bass during the summer stratification period. The robust coverage and fine-scale precision of fish 
positions and corresponding abiotic variables obtained from this study will provide an improved 
understanding of how low hypolimnetic oxygen concentrations and high epilimnetic 
temperatures can affect fish distributions and habitat selection during the summer in stratified 
systems.   
 
MATERIALS AND METHODS 
Study Site 
 This study was conducted in Ridge Lake, Coles County, IL (Figure 3.1), an experimental 
7.1-ha lake with a maximum depth of 6.5 m. Located in an agriculturally dominated watershed, 
the lake typically stratifies from May–September with a thermo-oxycline at 2–3 m depth and a 
hypoxic hypolimnion. There is limited water influx into or out of the lake, restricting the amount 
of fish immigration and emigration. Ridge Lake is open to anglers during limited hours in the 
summer months when an ongoing creel survey is conducted.  All fishing activities were 
monitored by personnel who constantly oversee the lake, effectively eliminating harvest of study 
animals and minimizing anthropogenic disturbances to the study design.   
Telemetry Design and Tracking 
 A VR2W Positioning System (Vemco, Amirix Systems Inc., Halifax, Nova Scotia) 
consisting of nine underwater, fixed-station omni-directional hydrophones with overlapping 
detection ranges was deployed throughout Ridge Lake (Figure 3.1) to quantify three-dimensional 
positions of largemouth bass (Espinoza et al. 2011). Synchronization transmitters were 
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collocated with each hydrophone mooring to reduce error due to internal clock drift between 
submerged receivers. Two reference transmitters were placed in the middle of the array to be 
used for redundancy in calculating positions and also serve as a reference point to correct data if 
the moorings shifted positions.  
Twelve adult largemouth bass, 8 males and 4 females (374.41 ± 3.66 mm, 801.58 ± 32.64 
g) were obtained from production ponds in Champaign, IL and the Sam Parr Biological Station, 
Kinmundy, IL (fish were bred from broodstock of Ridge Lake) and surgically implanted 
(following Hanson et al. 2007) with coded acoustic tags that emitted a positional signal 
approximately every 150–400 s (Vemco V9P-2L, 69 kHz; life expectancy 785 days). Tags were 
47 mm in length with a 9 mm diameter, weighed 6.4 g in air (3.5 g in water) and did not account 
for more 1.2% (0.67%) of fish body mass. Post-surgery, fish were held in 2 m diameter tanks and 
allowed to recover for seven days before release. All fish recovered from surgeries and exhibited 
normal swimming and foraging behavior prior to transportation and release into Ridge Lake.  
Oxygen and Temperature Collection 
Dissolved oxygen and temperature profiles were characterized throughout the lake for the 
duration of the stratification period (May–September), as well as one month pre-stratification 
(April) and one month post-stratification (October). Oxygen and temperature values were 
determined by the placement of sondes (YSI 600XLM-0, Yellow Springs, OH) at three different 
sites covering the lake (Figure 3.1). Sonde profiles continuously provided oxygen and 
temperature data at 1-h intervals and 1-m increments for the entirety of the study except for 2–3 
day periods every month where sondes were cleaned, probe membranes were replaced, and data 
was uploaded. Reference tags also provided temperature data approximately every 450–1350 s at 
depths of 2 m. Manual sub-meter and 1-m profiles (YSI 85, Yellow Springs, OH) were taken 
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weekly at sonde sites to ensure accuracy of the sonde data. Sonde profile data that varied 
significantly from manual profile data was excluded from analysis. Dissolved oxygen and 
temperature levels within lakes are generally more heterogeneous during the summer season 
(Wetzel 2001). To account for summer heterogeneity, latitudinal profiles were taken at random 
points within the lake to measure temperature and oxygen differences between inshore and 
offshore sites.   
Analysis 
 Oxygen and temperature values were interpolated vertically and horizontally throughout 
the study area through time using ArcScene spatial analyst kriging tool in ArcGIS 10 (ESRI, 
Redlands, CA). Each fish position (x, y, z, time) was assigned a corresponding oxygen and 
temperature value. Prior to analysis, data was filtered by horizontal position error (HPE) so that 
positions with HPE > 25 were excluded from analysis (Smith 2013). In similar systems, HPE of 
25 corresponds to a positional error of < 4 m (Roy et al. 2014). In addition, we used stationary 
acoustic tags to determine positional error within our system throughout the study duration.  
 To determine the amount of suitable summer habitat available to largemouth bass, 
vertical temperature and oxygen profiles were averaged by month at each sonde site (Figure 3.1). 
Optimal oxygen concentrations for bass growth is around 100% saturation (usually 8–9 mg/L), 
while optimal temperatures are around 25 °C since feeding and growth rates drop as 
temperatures increase above 25 °C (Stewart et al. 1967; Niimi and Beamish 1974; Whitledge 
2002). Suboptimal summer habitat was considered to be areas containing temperatures greater 
than 28.0 °C and oxygen concentrations less than 2.0 mg/L. Extended exposure to similar 
suboptimal conditions have been shown to have strong negative effects on largemouth bass 
growth (Stewart et al. 1967; Niimi and Beamish 1974; Glover et al. 2013). To assess fish 
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movements in relation to suboptimal habitat areas, average depths utilized by fish during the 
summer months were calculated.  
 To test whether fish were moving at random or selecting certain oxygen concentrations 
and temperatures, a log ratio chi-squared test compared fish observations in oxygen 
concentration and temperature categories with the amount of theoretical observations that would 
be expected if fish were moving at random. Selection ratios (wi) were used to determine which 
oxygen concentrations and temperatures were being selected for or against. Selection ratios 
compare fish habitat use with the availability of those habitats. The equation for calculating 
selection ratios is: 
ŵi = ui+/(πiu++), 
where ŵi  corresponds to habitat category, ui+ is the number of all observations in habitat category 
i, πi is available habitat in each category i, and u++ is the total number of habitat observations 
(Rogers and White 2007). Selection for a habitat category is indicated by ŵi  > 1, while avoidance 
of a habitat category is indicated by ŵi  < 1. Individual fish were considered as sampling units 
allowing for construction of 95% confidence intervals to account for variation in resource 
selection among individual fish. Selection was based on fish observations in 1 mg/L oxygen 
concentration and 1–2 °C temperature categories. Suitable temperatures (< 28 °C) were placed 
into 2 °C temperature categories, while unsuitable temperatures were placed into 1 °C 
temperature categories allowing for a more precise examination of selection outside of optimal 
temperature ranges. Available habitat was the water volume calculated for each 1 mg/L oxygen 
concentration and 1–2 °C temperature category during the summer season (Pierce et al. 2013). 
Volumes of water for each category were derived in ArcGIS using average summer oxygen and 
temperature depth profiles. 
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RESULTS 
 A total of 5300 positions were determined by the VPS array during the summer 
stratification study period (May 21, 2013 through September 23, 2013), of which 4251 had an 
acceptable HPE value of ≤ 25 and were used for analysis. Monthly positions were used to 
determine movements and depth selection of fish in relation to lake oxygen and temperature 
profiles. Stationary tags placed inside the VPS array yielded a combined horizontal (xy) error 
(mean ± SE) of 2.20 ± 0.04 m during the study period. Depth (z) measurements received from 
the tags yielded a vertical error of 0.36 ± 0.01 m.  
 Oxygen concentrations in Ridge Lake during the summer study period ranged from 0.0 
mg/L in the bottom of the lake to 12.5 mg/L on the surface. Monthly averages during the same 
period across the lake ranged from 0.2 mg/L at the bottom to 10.8 mg/L at the surface. Lake 
stratification existed for the duration of the summer, with the presence of an oxycline at 2.5 m. 
Temperatures during the summer study period ranged from 14.1 °C at the bottom to 33.1°C at 
the surface. Monthly averages ranged from 18.9 to 28.8 °C. A thermocline at a depth of 2.5 m 
was present for the duration of the summer.  
 Suitable growth habitat for largemouth bass was reduced across the lake during the 
summer due to large areas of low hypolimnetic oxygen concentrations and high surface 
temperatures (Figure 3.2). Beginning in May, the proportion of the water column that contained 
oxygen concentrations greater than 2.0 mg/L began to decline, especially in deeper downlake 
areas (Figure 3.1, site D) as the thermo-oxycline established. Further reduction of suitable habitat 
in the water column occurred with intensifying stratification and rising surface temperatures as 
the summer progressed. The shallow uplake area (Figure 3.1, site U) experienced periods, 
particularly in July and September, where the entire water column was unsuitable due to high 
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surface temperatures. During the summer, bass were observed in depths ranging from 0.0 m to 
4.8 m with 81% of the positions being above the thermo-oxycline. Although the amount of 
suitable habitat in the water column was reduced during the summer months, largemouth bass 
generally utilized water column depths that contained suitable oxygen and temperature habitat 
(Figure 3.2). Bass were observed utilizing different depths between summer months to remain 
within suitable oxygen and temperature ranges (df = 4, 4251; F = 149.65; P < 0.01). Depths of 
bass in July, when surface temperatures were the warmest, were significantly deeper than depths 
during June, August and September (Tukey; P < 0.01). Bass also utilized different depths in 
April and October, before and after the summer study period (Tukey; P < 0.01). During April 
before stratification was present, bass primarily selected shallow inshore areas, presumably for 
spawning. During post-stratification in October, fish were more evenly distributed throughout 
the water column as depth observations ranged from 0.0 m to 5.0 m and the average depth was 
located closer to the middle of the water column. During the warmer months (June and July), 
bass congregated on the southeast canopied end of the lake where temperatures were observed to 
be 0.0 to 3.7 °C cooler than at sonde sites and non-canopied areas (Figure 3.3). 
 Largemouth bass were observed occupying water with oxygen concentrations ranging 
from 0.1 to 12.4 mg/L (mean 6.7 mg/L) with 54% of locations observed in 6.0–7.9 mg/L water 
(Figure 3.4A). While the majority of observations were located in adequately oxygenated waters, 
10% of fish positions were observed in hypoxic areas. The distribution of largemouth bass 
locations indicated non-random use of available oxygen concentrations, i.e. selection for certain 
oxygen concentrations (x
2
; P < 0.01). Selection ratios showed that during the summer, 
largemouth bass in Ridge Lake selected for oxygen concentrations greater than 6.0 mg/L (Figure 
3.5A). Bass preferred higher concentrations even though they were only available in a relatively 
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small portion of the water column above the thermocline. In contrast, largemouth bass generally 
avoided oxygen concentrations less than 6.0 mg/L. The high selection ratio observed for oxygen 
concentrations between 0.0–0.9 mg/L was due to a significant number of observations in deep 
water where the habitat was calculated to be a small area based on our water depth and volume 
calculations. Observations in severely hypoxic water were primarily (> 90%) driven by two 
individuals that were frequently detected in deep hypoxic water.  
Largemouth bass were observed occupying water temperatures ranging from 15.1 to 30.5 
°C (mean 24.3 °C) with 57.2% of observations being in 25–27.9 °C water (Figure 3.4B). Only 
6.3% of observations were located in areas where water temperature was above 28 °C. 
Distribution of bass locations indicated non-random use of available temperatures (x
2
; P < 0.01). 
Largemouth bass selected for optimal growth temperatures (25–27 °C), while avoiding higher 
temperatures (Figure 3.5B). Temperatures of 21–22 and 15–16 °C were also selected for 
according to our analysis. Temperatures of 21–22 °C were typically located at depths within a 
meter of the thermocline, while the high selection ratio associated with temperatures of 15–16 °C 
was driven by the two previously mentioned individual fish that were frequently observed at 
bottom depths. 
 
DISCUSSION 
 We successfully tracked three dimensional positions of individual largemouth bass 
throughout a summer season while simultaneously collecting fine-scale oxygen and temperature 
data. Despite the considerable reduction of suitable abiotic habitat observed during the summer 
months, bass were generally able to seek out and occupy depths containing sufficient oxygen 
levels and favorable temperatures. The utilization of suitable abiotic habitat was also evident in 
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oxygen and temperature selection. Largemouth bass selected oxygen concentrations above 6.0 
mg/L and avoided concentrations below 6.0 mg/L. The majority of bass positions were observed 
in water containing 6.0–8.0 mg/L, which is considered optimal oxygen levels for growth and 
fitness (Stewart et al. 1967). Higher oxygen concentrations were also selected for, but the 
availability of those concentrations was often limited to surface water. Largemouth bass selected 
for optimal water temperatures (25–26 °C) as well as a slightly higher than optimal temperature 
(27 °C), but avoided higher suboptimal temperatures usually found towards the surface (28–30 
°C). Bass were regularly observed in water temperatures of 27 °C presumably because this 
temperature was commonly associated with the highest available oxygen concentrations without 
being outside of their preferred temperature range (Jobling 1981). Similarly, striped bass have 
been observed occupying temperatures 1–2 °C above optimal levels to access high DO 
concentrations (Thompson et al. 2010). A large amount of fish positions were located in water 
temperatures of 21–22 °C, as this water temperature was also positively selected for by 
largemouth bass. During the summer months, these temperatures were associated with depths 
around the oxy-thermocline. Depth and temperature usage by fish and location of the oxy-
thermocline suggest that bass tend to position themselves right above the oxy-thermocline where 
the coolest temperatures with sufficient oxygen were located. This behavior has been previously 
described with cool water sport fish including striped bass and northern pike (Thompson et al. 
2010; Pierce et al. 2013). Interestingly, largemouth bass displayed this same behavior despite 
their tolerance for higher temperatures, although this behavior was only observed for a portion of 
the time and not a majority of the time as with cool water species.  
 Two individual fish were frequently observed in the deepest part of the lake below the 
oxy-thermocline (< 2.0 mg/L). Due to the large number of positions from these two fish in a 
57 
 
relatively small volume area of the lake, selection for severely hypoxic and cool conditions 
appeared high. While these two fish were observed frequently in the hypoxic hypolimnion of the 
lake, they were also regularly observed above the oxy-thermocline. Timestamps from positions 
indicate these fish were engaging in brief forays into deep water rather than establishing 
residence in hypoxic areas. Similar forays into hypoxic areas have been observed by individuals 
of other species in an attempt to locate cooler temperatures, more abundant prey or escape 
overcrowded areas (Rahel and Nutzman 1994; Thompson et al. 2010; Roberts et al. 2012; Pierce 
et al. 2013). In our study, these two individuals were not likely searching for cooler 
temperatures, since their preferred temperature range was located above the oxy-thermocline. 
Furthermore, bass were unlikely following prey fish below the thermocline since hydroacoustic 
data taken during our study period suggests that forage fish populations were primarily 
distributed at or above the oxy-thermocline, overlapping with bass positions (French et al. 
unpublished). However, historical diet data taken from Ridge Lake indicates that a substantial 
proportion (33%) of largemouth bass diets contained food other than fish, including crayfish, 
worms and other insects (Diana and Wahl, unpublished). Although we did not observe 
largemouth bass diets in this study, there are feasibly alternate prey items at the bottom of the 
lake available to bass.   
 Vertical and horizontal movements and distributions by bass in Ridge Lake seemed to be 
linked to spatial trends in habitat quality across the lake. Average fish depth changed monthly 
with suitable habitat within the water column. As surface temperatures warmed in July, fish 
moved deeper in the water column. The next month as surface temperatures cooled and the 
bottom hypoxic area in the water column expanded, fish used shallower water column depths. In 
October, post-stratification, fish were more evenly distributed throughout the mixed water 
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column. As surface temperatures increased during the summer months, fish moved horizontally 
towards the deeper west end of the lake where more suitable habitat was available. Furthermore, 
fish were observed to utilize canopied areas towards the southeast portion of the lake during 
warmer months (June, July, and September), potentially to escape high surface temperatures 
observed in the middle and north ends of the lake. Although studies on movements and 
distributions of fish have focused on in-lake variables (abiotic, biotic and physical), we suggest 
riparian areas that provide shade and a prey source could also play a role in fish distribution as 
they do in stream habitats (Beschta 1997). Small lakes in particular have limited refuge areas 
from unfavorable abiotic conditions. Striped bass in large costal systems have been observed 
leaving main water body areas during the summer to reside in cooler, well oxygenated coves or 
creek channels. Fish in closed inland systems may have to rely on alternate refuge areas (Coutant 
1985).   
 While several studies have examined individual and population effects of high 
temperatures and low oxygen concentrations on fish through computational modelling or 
laboratory efforts, relatively few have examined effects through biological monitoring of 
individuals in natural habitats (Rose et al. 2009). Knowledge of fine scale temporal and spatial 
movements in three dimensions is required to accurately assess fish population responses to 
abiotic conditions that are known to alter spatial distributions (Zhang et al. 2009). Computational 
models often make the assumption that all fish in a population will not use hypoxic waters, 
however results from our studies and others demonstrate that individuals of a population can and 
do utilize suboptimal areas of a water body (Jobling 1981; Hasler et al. 2009; Pierce et al. 2013). 
Laboratory studies often only consider one controlled environmental variable at a time and 
therefore results may not be applicable to heterogeneous natural systems (Whitmore et al. 1960; 
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Hasler et al. 2009). While laboratory studies are limited to determining oxygen selection at one 
temperature or vice-versa, our study was capable of showing selection in a natural environment 
when vertical and horizontal gradients of environmental variables are present. However, habitat 
selection is driven by a multitude of abiotic, biotic and physical variables. In addition to the 
variables we measured, other factors could have also played a role in the observed oxygen and 
temperature selection of bass. Proximity to cover, proximity to conspecifics, type and availability 
of prey could all provide benefits to bass and help explain observations in suboptimal oxygen 
concentrations and temperatures (Durocher et al. 1984; Rahel and Nutzmen 1994; Cooke et al. 
2002).  
Our study examined the movements of fish within a stratified system during the summer 
months as well as movements during pre-stratification and post-stratification. Although we did 
not measure the effect of stratification on condition or growth of the fish, both have been 
predicted to be positively and negatively affected by altered spatial distributions due to oxygen 
temperature squeezes. Compressed abiotic habitat can lead to increased competition and energy 
expenditure resulting in decreased growth and condition, while spatial overlap with prey 
populations can be exploited to enhance growth of predator populations (Eby and Crowder 2002; 
Brandt et al. 2011). Our study demonstrates that sport fish distributions and movements are 
compressed into relatively small areas of optimal habitat during summer stratification periods, 
with individuals of a population frequently subjected to poor quality habitat. In addition to 
knowledge of habitat use in relation to low dissolved oxygen concentrations and high surface 
temperatures, further research needs to investigate short and long-term growth rates and 
energetic costs of fish in stratified environments to fully understand the effects that unfavorable 
summer abiotic conditions can have on sport fish populations.  
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FIGURES 
Figure 3.1. Map of Ridge Lake, Illinois depicting the VR2W telemetry array including 
hydrophone and reference transmitter locations used to track positions of largemouth bass. 
Oxygen and temperature sondes were placed at downlake (D), midlake (M), and uplake (U) sites  
 to collect vertical profiles.  
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Figure 3.2. Availability of suitable summer habitat by month for largemouth bass in Ridge Lake, 
Illinois at uplake (U), midlake (M), and downlake (D) sites during pre-stratification (Apr), 
stratification (May–Sep), and post-stratification (Oct) periods. Shaded areas indicate suitable 
portions of the water column where average temperatures were 28 °C or less and average 
dissolved oxygen concentrations were 2.0 mg/L or more. White lines within shaded areas (D) 
indicate average monthly depths utilized by largemouth bass.   
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Figure 3.3. Monthly locations of largemouth bass in Ridge Lake, Illinois during pre-stratification 
(April), stratification (May–September), and post-stratification (October) months. Darker shaded 
regions represent areas of high usage by bass, while lighter regions represent areas of reduced 
usage. 
                                              
 
 
68 
 
Figure 3.4. Frequency of observations describing (A) oxygen concentration and (B) temperatures 
at which tagged largemouth bass were recorded during stratification (May–September) in Ridge 
Lake.  
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Figure 3.5. Selection ratios (Wi) and associated 95% confidence intervals for categories of (A) 
oxygen concentration (1 mg/L) and (B) temperature (1–2 °C)  available to largemouth bass 
during stratification (May–September) in Ridge Lake. Selection ratios greater than 1 indicate 
positive selection and ratios less than 1 indicate avoidance.   
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CHAPTER 4: QUANTIFYING THE INFLUENCE OF ENVIRONMENTAL 
VARIABLES ON LARGEMOUTH BASS HABITAT USE 
ABSTRACT 
 Habitat selection by fish is often poorly understood as it is influenced by a host of 
dynamic environmental variables and their interactions. Using a passive acoustic telemetry array, 
we tracked fine-scale three-dimensional movements of adult largemouth bass Micropterus 
salmoides to characterize habitat use in relation to a suite of abiotic, biotic and physical habitat 
variables. Generalized additive mixed models were used to model the relationship between 
largemouth bass presence/absence and environmental variables as well as determine the relative 
importance of individual variables. Non-linear responses existed for most environmental 
variables. Oxygen concentration and temperature were the most important variables impacting 
largemouth bass occurrence and their interaction with depth was also influential. Habitats of 
moderate depths that contained oxygen concentrations between 6–9 mg/L and temperatures 
between 20–27 °C were preferred. Additionally, largemouth bass were more likely to be found in 
areas that contained woody structure, but less likely to be found in vegetated areas. To a lesser 
extent, prey density, slope, latitude and longitude also influenced largemouth bass occurrence. 
We successfully identified the preferred habitat of largemouth bass as well as the influence of 
several environmental variables on their distribution. Our analysis suggests that the consideration 
of multiple habitat variables and their interactions is necessary to understand fish distributions in 
heterogeneous systems.   
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INTRODUCTION 
 Habitat selection by fish is driven by a multitude of abiotic, biotic and physical features. 
These features influence fish movements by providing optimal and suboptimal areas within 
aquatic systems. Optimal habitats are selected by fish seeking to meet requirements of survival, 
growth and reproduction while suboptimal habitats are generally avoided (Werner et al. 1983). In 
aquatic systems such as lakes and reservoirs, abiotic and biotic habitat features continuously 
fluctuate on both spatial and temporal scales (Wetzel 2001). Spatially, habitat characteristics 
differ laterally and vertically. Temporally, characteristics vary between and within seasons. 
Environmental heterogeneity makes it difficult to accurately portray habitats within aquatic 
systems, effectively contributing to the poor understanding of influencing factors that determine 
habitat selection by fish.  
Previous attempts to determine resource selection by fish have been conducted in the 
laboratory (Ferguson 1958; Savino and Stein 1989; Burleson et al. 2001); however, it is difficult 
to simulate natural environments in these settings. In aquatic systems, influences from multiple 
environmental variables are typically responsible for determining habitat choice. Thus, telemetry 
studies have been performed to better understand habitat selection in natural settings, but the 
majority of these studies fail to examine the influence of multiple abiotic, biotic and physical 
factors. Furthermore, telemetry studies have generally been limited spatially and temporally 
(Sammons and Maceina 2005). Short battery lives of transmitters often limit the duration of 
studies. Active tracking and environmental data collection is costly and only provides sparse 
two-dimensional snapshots of which habitat a fish is occupying at a particular time and therefore 
may not be representative of actual habitat use. Recent advances in technology have allowed 
researchers to overcome these limitations (Thorstad et al. 2013). Transmitters have become 
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smaller with extended battery lives allowing for longer comparisons and passive acoustic 
telemetry arrays provide continuous collection of fine-scale three-dimensional fish positions and 
corresponding environmental data. Four-dimensional (time) analysis and visualization of data in 
lakes and reservoirs provide a greater insight into resource utilization of fish (Fisher and Rahel 
2004).  
Largemouth bass Micropterus salmoides are a popular freshwater sportfish species that 
are both economically and ecologically important (Otis et al.1998; Noble 2002). Quantifying 
fine-scale positional data by largemouth bass and determining influencing factors of habitat 
selection within lakes and reservoirs can be a beneficial tool for properly managing populations. 
Previous telemetry studies have examined selection and movements of largemouth bass in 
relation to single habitat variables including vegetation (Sammons et al. 2003), course woody 
habitat (Ahrenstorff et al. 2009) and temperature (Carter et al. 2012). In chapter 2, we examined 
oxygen and temperature selection and their effects on vertical movement of largemouth bass. We 
found that bass generally select for optimal habitats with a few individuals observed in hypoxic 
or higher temperature waters. However, our study was conducted in a heterogeneous, natural 
environment where several other biotic and physical environmental variables could influence 
selection and movements of fish. Few studies examine the relative effects of multiple variables, 
which is necessary when determining habitat preferences of fish in aquatic ecosystems (May et 
al. 2012). Additionally, interaction effects between multiple variables are seldom considered, but 
could play a significant role in understanding habitat use (Kennard et al. 2007).  
Using a three-dimensional passive acoustic telemetry array, we quantified the positions 
(presence-absence) of largemouth bass in relation to a suite of abiotic (oxygen, temperature), 
biotic (prey abundance) and physical (slope, depth, habitat type) variables throughout the spring 
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and summer seasons when largemouth bass are most active and the environment is most 
heterogeneous. We modelled bass-habitat relationships using generalized additive models, 
allowing us to capture the non-linear responses of continuous environmental variables (Guisan et 
al. 2002). The objectives of this study were to determine the effect of multiple environmental 
variables on largemouth bass distribution during the spring and summer seasons and to compare 
the relative importance of these explanatory variables in predicting largemouth bass occurrence. 
The comprehensive coverage of fish positions and corresponding lake wide environmental 
variables used in this study provide an enhanced understanding of factors that are most 
influential to habitat use by largemouth bass.  
 
MATERIALS AND METHODS 
Study Site 
 This study was conducted in Ridge Lake, Coles County, IL (Figure 4.1), an experimental 
7.1-ha lake with a maximum depth of 6.5 m. The lake typically stratifies from May–September 
with a thermo-oxycline at 2–3 m depth and a hypoxic hypolimnion. There is limited water influx 
into or out of the lake, restricting the amount of fish immigration and emigration. The fish 
assemblage is composed of well-established populations of largemouth bass and bluegill 
Lepomis macrochirus, along with lower abundances of channel catfish Ictalurus punctatus, 
muskellunge Esox masquinongy, redear sunfish Lepomis microlophus and mosquitofish 
Gambusia affinis. Submergent vegetation in the lake is dominated by Ceratophyllum demersum 
and Potamogeton crispus. Ridge Lake is open to anglers during limited hours in the summer 
months when an ongoing creel survey is conducted. All fishing activities were monitored by 
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personnel who constantly oversee the lake, effectively eliminating harvest of study animals and 
minimizing anthropogenic disturbances to the study.   
Telemetry Design and Tracking 
 A VR2W Positioning System (Vemco, Amirix Systems Inc., Halifax, Nova Scotia) 
consisting of nine underwater, fixed-station omni-directional hydrophones with overlapping 
detection ranges was deployed throughout Ridge Lake (Figure 4.1) to quantify three-dimensional 
positions of largemouth bass (Espinoza et al. 2011). Synchronization transmitters were 
collocated with each hydrophone mooring to reduce error due to internal clock drift between 
submerged receivers. Two reference transmitters were placed in the middle of the array to be 
used for redundancy in calculating positions and also serve as a reference point to correct data if 
the moorings shifted positions.  
Nineteen adult largemouth bass, 8 females and 11 males (370.42 ± 3.51 mm, 761.63 ± 
28.43 g) were obtained from production ponds in Champaign, IL and the Sam Parr Biological 
Station, Kinmundy, IL (fish were bred from broodstock of Ridge Lake) and surgically implanted 
(following Hanson et al. 2007) with coded acoustic tags that emitted a positional signal 
approximately every 150–400 s (Vemco V9P-2L, 69 kHz; life expectancy 785 days). Tags were 
47 mm in length with a 9 mm diameter, weighed 6.4 g in air (3.5 g in water) and did not account 
for more 1.2% (0.67%) of fish body mass. Post-surgery, fish were held in 2 m diameter tanks and 
allowed to recover for seven days before release. All fish recovered from surgeries and exhibited 
normal swimming and foraging behavior prior to transportation and release into Ridge Lake.  
Abiotic, Biotic and Physical Variables 
 Habitat was characterized throughout the lake for the duration of the tracking study 
(April–September, 2013). Temperature and dissolved oxygen values were determined 
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continuously by the placement of sondes (YSI 600XLM-0, Yellow Springs, OH) at three 
different sites covering the lake (Figure 4.1). Sonde profiles provided temperature and oxygen 
data at 1-h intervals and 1-m increments for the entirety of the study except for 2–3 day periods 
every month where sondes were cleaned, probe membranes were replaced, and data was 
uploaded. Reference tags also provided temperature data approximately every 450–1350 s at 
depths of 2 m. Manual sub-meter and 1-m profiles (YSI 85, Yellow Springs, OH) were taken 
weekly at sonde sites to ensure accuracy of the sonde data. Sonde profile data that varied 
significantly from manual profile data was excluded from analysis. Temperature and dissolved 
oxygen levels within lakes are generally more heterogeneous during the summer season (Wetzel 
2001). To account for summer heterogeneity, latitudinal profiles were taken to measure 
temperature and oxygen differences between inshore and offshore sites.  
 Prey fish abundance and distribution was assessed using a Biosonics DT hydroacoustic 
system with a 203 kHz split-beam transducer (8.3º beam angle). Twice per month, mobile 
surveys were made by securing the transducer to the front of a john boat equipped with an 
outboard motor and making a latitudinal zig-zag transect across the lake. Hydroacoustic data was 
analyzed using Echoview 4 software to identify targets and target strength. Only targets < 150 
mm were considered as prey since larger fish are beyond the optimal size and gape limitation of 
tagged largemouth bass (Lawrence 1956; Hoyle and Keast 1987). Prey density was estimated for 
each 1-m depth interval (from 2–6 m). Inshore prey densities were assessed twice each month 
using 10 x 10-m effort seine hauls at 3 sites within the lake.  
 Presence of course woody habitat and vegetation in the lake was determined using a side 
scan sonar (Humminbird 998c HD SI, Eufaula, AL) complemented with visual mapping using a 
WAAS corrected GPS unit (Lowrance Endura Out&Back, Tulsa, OK). Transects were 
76 
 
performed by running the boat parallel to the shore line. Woody structure was counted, measured 
and given a corresponding complexity score following Deboom and Wahl (2013). The extent of 
vegetation along the shore and offshore was determined every two weeks by creating a GPS trail 
following the visible vegetation line and creating a separate side scan sonar trail following the 
offshore vegetation line.  
Analysis 
 Temperature, oxygen and prey density values were interpolated vertically and 
horizontally throughout the study area through time using ArcScene spatial analyst kriging tool 
in ArcGIS 10 (ESRI, Redlands, CA). Prey densities were interpolated and expressed as monthly 
averages. A slope map was created in ArcGIS 10 using sonar collected bathymetry data. Woody 
structure points were imported into ArcGIS 10 and given 6, 8, or 10-m buffers according to 
complexity scores of 1–2, 3, and 4–5, respectively. Buffers that had intersecting boundaries were 
dissolved to create a final course woody habitat map. Vegetation coverage was imported from 
side scan and GPS devices and digitized in ArcGIS to create vegetation coverage maps. Fish 
positions were overlaid onto course woody habitat and vegetation coverage maps to determine 
which habitat type a fish was utilizing (wood, vegetation, open water). Fish positions located in 
an overlapping habitat area that contained both course woody structure and vegetation were 
considered to be using both habitat types. Each fish position (x, y, z, time) was also assigned a 
corresponding temperature, oxygen, prey density and slope value to characterize the particular 
habitat the fish was occupying. Prior to analysis, data was filtered by horizontal position error 
(HPE) so that positions with HPE > 25 were excluded from analysis (Smith 2013). In similar 
systems, HPE of 25 corresponds to a positional error of < 4 m (Roy et al. 2014). In addition, we 
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used stationary acoustic tags to determine positional error within our system throughout the 
study duration.  
 To investigate fish-habitat relationships, a modeling approach similar to Aarts et al. 
(2008) was implemented. Positional information with corresponding environmental data from all 
largemouth bass VPS detections (post-HPE filter) were pooled and an equal number of random 
points (n = 16182) were generated to represent pseudo-absence locations of bass. Each randomly 
generated pseudo-absence location was given the same time stamp as a single VPS detection so 
that temporally dynamic variables could be investigated. To avoid issues with sample selection 
bias (Phillips et al. 2009), random points were subjected to the same bias as detection data (i.e. 
no pseudo-absence locations were generated in areas of the lake that were not available to bass or 
areas that the VPS array could not reliably detect tagged bass). All presence and pseudo-absence 
data was linked to the variables of latitude, longitude, depth, oxygen concentration, temperature, 
slope, and prey density (Table 4.1). In addition, presence and pseudo-absence locations of bass 
were considered either present (1) or absent (0) in woody structure, vegetation, or open water 
habitats.  
 In order to determine the effective number of parameters for our model, thus avoiding 
over-parameterization and selecting for best predictive ability, we employed out-of-sample 
model validation with an adaptive elastic net penalization method (Zou and Zhang 2009, Hooten 
and Hobbs 2015). That is, we tested several different models by splitting our data into a training 
set to fit the model, and a separate validation set to test predictive ability of the model. The 
adaptive elastic net is a penalization method that uses parameter shrinkage and variable selection 
to avoid overfitting. Although the adaptive elastic net addresses collinearity of parameters, 
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correlation matrices were also investigated to determine if further model parameter reduction 
was possible.  
 Once the final model was determined via validation, a binomial generalized additive 
mixed model (GAMM) with a logit link function was used to model the relationship between 
environmental variables and presence of largemouth bass following the general equation:  
logit [ ( 1 – y ) y -1]  = β0 +  Σk sk(xk) + zkbk 
where y represents the probability of largemouth bass occurrence, β0 is the intercept, k equals the 
number of covariates in the model, sk is the smoothing function for the covariate xk associated 
with fixed effects, and random effects are represented by bk with zk as a random covariate vector. 
Random effects incorporated into the model included a random intercept for individual bass to 
account for variability between bass and a random slope for time for each bass to account for 
variability in detections over time. A smoothed interaction term of latitude and longitude was 
also included to account for spatial autocorrelation within the model (Knapp et al. 2003; Wood, 
2006).  
Generalized additive mixed models (GAMMs; Lin and Zhang, 1999) are extensions of 
generalized linear mixed models (GLMMs), designed to allow parametric fixed effects to be 
modeled non-parametrically using additive smooth functions.  GAM and GAMMs are 
increasingly being used in ecological studies as they can model non-linear relationships between 
continuous environmental covariates and the response variable (Guisan et al. 2002). In contrast 
to GLMs, GAMs are data-driven models where a function is estimated for each predictor to 
achieve the best prediction of the dependent variable values. Penalized regression splines 
determine the shape of the smoothing functions with the appropriate degree of smoothing 
selected automatically by the ‘gamm4’ package (Wood, 2015) using R 3.2.1 software (R 
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Development Core Team 2015). Estimated degrees of freedom (edf) associated with each 
smoother indicate the degree of nonlinearity between the estimated relationship. The higher the 
edf, the more nonlinear the relationship, with an edf of 1 representing a linear fit.  
The relative importance of environmental variables retained in the final model was 
identified using a stepwise approach, removing single covariates from the final model while 
holding all other smoothing parameters constant. The final GAMM was evaluated in terms of 
deviance explained (1-[residual deviance / null deviance]), while environmental variables were 
evaluated by percentage of total deviance explained, change in Akaike Information Criterion 
(AIC) and the Chi-square test (Lien et al. 2014).  
 
RESULTS 
 A total of 16182 acceptable positions were determined by the VPS array during the 
spring and summer period (April through September) and used for analysis. Stationary tags 
placed inside the VPS array yielded a horizontal (xy) error radius range of 2.20 ± 0.04 m. Depth 
(z) measurements received from the tags yielded a vertical error of 0.36 ± 0.01 m.  
The final model used in analyzing the data was: 
occurrence ~ s(latitude) + s(longitude) + s(oxygen) + s(temperature) + s(depth) + s(slope) +       
s(logpreydensity) + s(oxygen, depth) + s(temperature, depth) + s(latitude, 
longitude) + habitattype, random = (1+time|fishid),  
family = binomial(link=logit) 
After investigating the correlations between variables in the model, the highest correlation was a 
moderate one between latitude and longitude (0.75 ± 0.005, 95% CI). Both terms were retained 
in the final model since they were significant in the deviance analysis.  
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 Deviance explained by the final model was 73.5% (AIC = 12682) and all variables, 
including interactions, were significant (Table 4.2). Response plots indicated that largemouth 
bass occurrence was most likely to occur near woody structure and least likely to occur in 
vegetated areas (P < 0.01; Figure 4.2). Largemouth bass were also slightly less likely to be 
present in open water (P < 0.01). Removal of habitat type from the model resulted in an 8.4% 
decrease in deviance explained.  
All other abiotic, biotic and physical habitat variables significantly influenced largemouth 
bass occurrence. The most influential variable affecting bass occurrence was oxygen 
concentration, which accounted for 12.9% of deviance explained and caused the AIC to increase 
by 5457 when removed from the final model (Table 4.2). While available oxygen values ranged 
from 0.0–14.2 mg/L (Table 4.1), largemouth bass were more likely to be found in areas with 
concentrations > 6.0 mg/L (Figure 4.3a). Temperature was also an important factor affecting 
bass occurrence, accounting for 12.9% of total deviance explained and an AIC increase of 5443 
when removed from the final model. Temperature had the most non-linear response of all the 
variables within the model using 88 effective degrees of freedom. Largemouth bass were most 
likely to occur at temperatures between 20–27 °C, while exhibiting decreased use of cooler and 
warmer temperatures (Figure 4.3b). Depth accounted for 10.4% of total deviance, with the 
response curve indicating slightly increased use of depths of 2–4 m, while usage fell off in 
deeper areas (Figure 4.3c). The interactions between oxygen and depth as well as temperature 
and depth were also significant, accounting for 11.4% and 9.5% total deviance explained, 
respectively. Depth use was influenced by oxygen concentration with largemouth bass more 
likely to use shallow areas that contained higher oxygen concentrations and less likely to use 
deeper areas that contained lower oxygen concentrations (Figure 4.4a). Likewise, largemouth 
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bass exhibited increased use of shallow-moderate depths that contained preferable temperatures 
(20–27 °C) and decreased use of deeper areas with cooler temperatures. There was also a 
decrease in use of shallow depths at higher temperatures > 28 °C (Figure 4.4b).  
Prey density and slope had comparatively moderate effects on largemouth bass 
occurrence, responsible for 7.1% and 6.2% of total deviance explained. The response curves for 
both variables behaved in a much more linear fashion compared to the other habitat variables, 
only using 8 and 4 edfs. The response curves did not show any distinct patterns of use, appearing 
as if largemouth bass occurrence was relatively steady at all prey densities and slopes. However, 
habitat usage did slightly increase at higher values for slope, and slightly decrease at higher 
values of prey density (Figures 4.3d and 4.3e). Largemouth bass presence data had a much 
higher mean slope of 5.1% compared with pseudo-absence mean of 1.4%, whereas prey density 
values for largemouth bass presence data had a much lower mean of 0.7 fish/m
3
 compared with 
the randomly placed pseudo-absence data which had a mean of 4.6 fish/m
3
 (Table 4.1).  
Latitude and longitude explained the smallest proportion of the deviance, 6.5% and 6.4%, 
and their interaction explained 8.3%. Both terms indicate there was a moderate spatial effect on 
occurrence, with largemouth bass more likely to use the deeper west end of the lake and more 
likely to use the perimeter of the lake than the middle areas (Figures 4.3f and 4.3g).  
  
DISCUSSION 
 We tracked positions of largemouth bass through the spring and summer seasons and 
quantified the influence that several abiotic, biotic and physical habitat variables had on habitat 
choice using a non-linear modelling approach. Previous studies have investigated influences of 
individual variables on habitat selection of fish, but often overlook the coupled effects that 
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multiple variables have on resource selection (May et al. 2012). Various abiotic, biotic and 
physical variables have all been observed to impact distribution and movements of largemouth 
bass (Burleson et al. 2001; Sammons et al. 2003; Ahrenstorff et al. 2009; Carter et al. 2012). 
However, the relative influence each of these variables has on habitat selection has not been 
investigated. Our analysis demonstrated that habitat selection is driven by multiple habitat 
variables that behave in a non-linear manner. Furthermore, the importance of interactions among 
variables is important, as they had a significant influence on selection.  
 The two most influential environmental variables related to the spatial distribution of 
largemouth bass were oxygen and temperature. Although largemouth bass are thought to be 
tolerant of a wide range of oxygen concentrations and temperatures, these abiotic variables still 
had the most influence in determining their location. Specifically, bass exhibited increased usage 
of oxygen concentrations greater than 6 mg/L and temperatures around 25 °C. This is consistent 
with what is considered to be optimal growth levels for largemouth bass (Wannamaker and Rice 
2000; Whitledge 2002). Largemouth bass in our study were also less likely to use oxygen 
concentrations < 4 mg/L and temperatures < 17 °C. Several studies have similarly observed 
largemouth bass avoidance of concentrations < 4 mg/L (Whitmore et al. 1960; Burleson et al. 
2001). Temperatures below 17 °C were likely avoided due to more preferable temperatures being 
available in the water column, but also because during the summer these temperatures were 
largely observed below the thermocline and associated with low oxygen concentrations.  
Both oxygen and temperature had significant interactions with depth. Largemouth bass 
were more likely to use shallow to moderate depths at or above the thermocline where preferred 
oxygen concentrations and temperatures were available. Also evident was the decreased use of 
oxygen concentrations > 9 mg/L. With all other variables equal, Kramer (1987) contended that 
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fish should select areas with the highest oxygen concentration; however multiple studies have 
observed oxygen selection well below the highest available concentration (Coutant 1985; Spoor 
1990; Hasler et al. 2009). Other factors, especially temperature, likely influence oxygen selection 
(Burleson et al. 2001). In our study, avoidance of higher oxygen concentrations can presumably 
be attributed to elevated surface temperatures associated with high surface oxygen 
concentrations. Oxygen and depth and temperature and depth interactions indicate concentrations 
greater than 9 mg/L were typically associated with depths near the surface, and temperatures 
greater than preferred were only observed near the lake surface. Additionally, higher oxygen 
concentrations are also more likely to be observed in the upstream portion of the lake, whereas 
largemouth bass were more likely to use the downstream portion of the lake towards the dam. 
Again, the upstream portion of the lake may not have provided sufficient refuge from high 
temperatures found in the shallow waters. The oxygen-temperature squeeze has frequently been 
observed to affect distribution of coolwater species, but has rarely been acknowledged for its 
effect on warmwater species (Coutant 1985; Welch et al. 2011). Although avoidance of low 
hypolimnetic oxygen concentrations has been observed to have a profound effect on largemouth 
bass distribution, high epilimnetic temperatures have been presumed to have little or no effect 
(Welch et al. 2011). Our results highlight that although largemouth bass distribution is affected 
largely by low oxygen concentrations, high surface temperatures may also alter distributions.  
Habitat type also played an influential role in predicting largemouth bass location. 
Largemouth bass were more likely to be found in course woody habitats and less likely to be 
found in habitats that contained vegetation. Similar to our findings, largemouth bass occurrence 
has been observed to be positively associated with course woody habitat, with largemouth bass 
becoming more sedentary and employing a “sit and wait” foraging strategy when course woody 
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habitat is available (Ahrenstorff et al. 2009; Deboom and Wahl 2013). In contrast to our findings, 
largemouth bass are typically positively associated with vegetation, especially in littoral areas 
(Essington and Kitchell 1999).  Ridge Lake contained ample amounts of course woody habitat 
and vegetated areas available to largemouth bass. However, several vegetated areas became 
dense during the spring and summer months, and could have had a negative effect on largemouth 
bass occurrence (Wiley et al. 1984). At high vegetation densities, largemouth bass foraging 
efficiency greatly declines as prey fish such as bluegill modify their behavior to refuge in the 
high density vegetation to avoid predation (Savino and Stein, 1989; Valley and Bremigan, 2002). 
Another possible explanation for the decreased occurrence we observed in vegetated habitats is 
that largemouth bass residing in densely vegetated areas may not have been detected as 
frequently as bass in woody or open water habitats. Detection rates and ranges of acoustic tags in 
the VR2W Positioning System may decrease when the tag is in heavily vegetated areas, due to 
sound absorption by aquatic plants (Vemco, personal communication).We were unable to 
measure reduction in detection rate due to vegetation, but it is possible that fish located in dense 
vegetation were “shielded” from the acoustic receivers.  
Prey density was not found to have a large influence on largemouth bass occurrence 
relative to other variables. In contrast to expectations, occurrence had a slightly negative 
relationship with prey density. Several studies have indicated the importance of considering prey 
density as an indicator of sportfish occurrence and success, finding positive correlations between 
the two (Michaletz 1997; Hale et al. 2008; May et al. 2012). These studies only investigated 
gizzard shad Dorosoma cepedianum since they are the preferred prey choice of many predators 
and are readily available in many Midwestern lakes (Wahl and Stein, 1988; Hale et al. 2008). 
However, gizzard shad were absent in our study system, with Lepomis and crayfish serving as 
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the primary diet items of largemouth bass (Diana and Wahl, unpublished). Since Lepomis are not 
soft-rayed and schooling like gizzard shad, largemouth bass may not associate with them as 
closely (Einfalt et al. 2015). Lepomis are also more adept at avoiding predators, generally 
associating in vegetated habitats instead of open water pelagic habitats such as gizzard shad 
(Savino and Stein, 1989). The abundance of crayfish and terrestrial insects from riparian cover 
may also contribute substantially more to largemouth bass diets in systems similar to Ridge Lake 
compared with other, larger systems where gizzard shad are present (Mehner et al. 2005).  
The fine-scale locations of largemouth bass within a lake were described in the context of 
various abiotic, biotic and physical habitat characteristics with non-linear responses. Of those 
responses, oxygen and temperature as well as their interactions with depth were the most 
influential to habitat use, with shallow to moderate depths containing oxygen concentrations and 
temperatures optimal for growth receiving the most use. To a lesser extent, prey density, slope, 
latitude and longitude also impacted habitat selection of largemouth bass. Although we did not 
find prey density to have a positive relationship with largemouth bass location, associations 
between largemouth bass and gizzard shad should be further investigated in larger systems since 
gizzard shad abundance has been positively linked to other sportfish (May et al. 2012). We 
demonstrate the importance of considering influences from multiple environmental variables and 
their interactions for a complete understanding of habitat use by fish. Habitat degradation in 
lakes and reservoirs is a developing issue across the United States (Miranda et al. 2010). 
Distinguishing influential habitat variables for enhancement could be used as a valuable tool to 
effectively manage sportfish populations.  
 
 
86 
 
ACKNOWLEDGEMENTS  
 Funding for this project was provided in part by the Federal Aid in Sport Fish Restoration 
Project F-135-R administered through the Illinois Department of Natural Resources (IDNR) 
Division of Fisheries. In particular, D. Bruce, S. Pallo, J. Ferencak and J. Mick coordinated 
activities within the Division of Fisheries, IDNR. We thank B. Diffin, J. Dub, J. English, J. 
Maxwell, C. Salzmann, J. Tomkins and K. Weber of the Kaskaskia Biological Station for field 
assistance. S. Butler and M. Nannini provided assistance with experimental set-up. All 
procedures conformed to the University of Illinois Institutional Animal Care and Use Committee 
protocol # 14077. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
87 
 
LITERATURE CITED 
Aarts, G., M. MacKenzie, B. McConnell, M. Fedak, and J. Matthiopoulos. 2008. Estimating 
space‐use and habitat preference from wildlife telemetry data. Ecography 31(1):140-160. 
 
Ahrenstorff, T., G. Sass, and M. Helmus. 2009. The influence of littoral zone coarse woody 
habitat on home range size, spatial distribution, and feeding ecology of largemouth bass 
(Micropterus salmoides). Hydrobiologia 623(1):223-233. 
 
Burleson, M. L., D. R. Wilhelm, and N. J. Smatresk. 2001. The influence of fish size on the 
avoidance of hypoxia and oxygen selection by largemouth bass. Journal of Fish Biology 
59(5):1336-1349. 
 
Carter, M. W., M. J. Weber, J. M. Dettmers, and D. H. Wahl. 2012. Movement patterns of 
smallmouth and largemouth bass in and around a Lake Michigan harbor: The importance 
of water temperature. Journal of Great Lakes Research 38(2):396-401. 
 
Coutant, C. C. 1985. Striped Bass, temperature, and dissolved oxygen: A speculative hypothesis 
for environmental risk. Transactions of the American Fisheries Society 114(1):31-61.  
Deboom, C. S., and D. H. Wahl. 2013. Effects of coarse woody habitat complexity on predator-
prey interactions of four freshwater fish species. Transactions of the American Fisheries 
Society 142(6):1602-1614. 
Einfalt, L. M., J. J. Parkos, and D. H. Wahl. 2015. Effect of predator size and prey characteristics 
on piscivory of juvenile largemouth bass. Transactions of the American Fisheries Society 
144(4):682-692. 
Essington, T. E., and J. F. Kitchell. 1999. New perspectives in the analysis of fish distributions: a 
case study on the spatial distribution of largemouth bass (Micropterus salmoides). 
Canadian Journal of Fisheries and Aquatic Sciences 56(S1):52-60. 
Espinoza, M., T. J. Farrugia, D. M. Webber, F. Smith, and C. G. Lowe. 2011. Testing a new 
acoustic telemetry technique to quantify long-term, fine-scale movements of aquatic 
animals. Fisheries Research 108(2):364-371. 
 
Ferguson, R. G. 1958. The preferred temperature of fish and their midsummer distribution in 
temperate lakes and streams. Journal of the Fisheries Research Board of Canada 
15(4):607-624. 
 
Fisher, W. L., and F. J. Rahel. 2004. Geographic information systems in fisheries. American 
Fisheries Society. 
 
Guisan, A., T. C. Edwards, and T. Hastie. 2002. Generalized linear and generalized additive 
models in studies of species distributions: setting the scene. Ecological modelling 
157(2):89-100. 
88 
 
 
Hale, R. S., D. J. Degan, W. H. Renwick, M. J. Vanni, and R. A. Stein. 2008. Assessing fish 
biomass and prey availability in Ohio reservoirs. American Fisheries Society Symposium 
62:517–541. 
 
Hanson, K. C., S. J. Cooke, C. D. Suski, G. Niezgoda, F. J. S. Phelan, R. Tinline, and D. P. 
Philipp. 2007. Assessment of largemouth bass (Micropterus salmoides) behaviour and 
activity at multiple spatial and temporal scales utilizing a whole-lake telemetry array. 
Hydrobiologia 582:243-256.  
Hasler, C. T., C. D. Suski, K. C. Hanson, S. J. Cooke, and B. L. Tufts. 2009. The influence of 
dissolved oxygen on winter habitat selection by largemouth bass: an integration of field 
biotelemetry studies and laboratory experiments. Physiological and Biochemical Zoology 
82(2):143-152. 
Hooten, M., and N. Hobbs. 2015. A guide to Bayesian model selection for ecologists. Ecological 
Monographs 85(1):3-28. 
Hoyle, J. A., and A. Keast. 1987. The effect of prey morphology and size on handling time in a 
piscivore, the largemouth bass (Micropterus salmoides). Canadian Journal of Zoology 
65(8):1972-1977. 
Kennard, M. J., J. D. Olden, A. H. Arthington, B. J. Pusey, and N. L. Poff. 2007. Multiscale 
effects of flow regime and habitat and their interaction on fish assemblage structure in 
eastern Australia. Canadian Journal of Fisheries and Aquatic Sciences 64(10):1346-1359. 
Knapp, R. A., K. R. Matthews, H. K. Preisler, and R. Jellison. 2003. Developing probabilistic 
models to predict amphibian site occupancy in a patchy landscape. Ecological 
Applications 13(4):1069-1082. 
Kramer, D. L. 1987. Dissolved oxygen and fish behavior. Environmental Biology of Fishes 
18(2):81-92. 
Lawrence, J. 1958. Estimated sizes of various forage fishes largemouth bass can swallow. 
Proceedings of the Annual Conference Southeastern Association of Game and Fish 
Commissioners 11(1957):220-225. 
Lien, Y. H., N. J. Su, C. L. Sun, A. E. Punt, S. Z. Yeh, and G. DiNardo.  2014. Spatial and 
environmental determinants of the distribution of Striped Marlin (Kajikia audax) in the 
western and central North Pacific Ocean. Environmental Biology of Fishes 97(3):267-
276. 
Lin, X., and D. Zhang. 1999. Inference in generalized additive mixed models by using smoothing 
splines. Journal of the Royal Statistical Society: Series B (Statistical Methodology) 
61(2):381-400. 
89 
 
May, C. J., D. D. Aday, R. S. Hale, J. C. S. Denlinger, and E. A. Marschall. 2012. Modeling 
Habitat Selection of a Top Predator: Considering Growth and Physical Environments in a 
Spatial Context. Transactions of the American Fisheries Society 141(1):215-223. 
 
Mehner, T., J. Ihlau, H. Dörner, F. Hölker. 2005. Can feeding of fish on terrestrial insects 
subsidize the nutrient pool of lakes? Limnology and Oceanography 50(6):2022-2031. 
 
Michaletz, P. H. 1997. Influence of abundance and size of age-0 gizzard shad on predator diets, 
diet overlap, and growth. Transactions of the American Fisheries Society 126(1):101-
111. 
 
Miranda, L. E., M. Spickard, T. Dunn, K. M. Webb, J. N. Aycock, K. Hunt. 2010. Fish habitat 
degradation in U.S. reservoirs. Fisheries 35:175–184 
 
Noble, R. L. 2002. Reflections on 25 years of progress in black bass management. Black Bass: 
Ecology, Conservation, and Management 31:419-431. 
Otis, K. J., R. R. Piette, J. E. Keppler, and P. W. Rasmussen. 1998. A largemouth bass closed 
fishery to control an overabundant bluegill population in a Wisconsin lake. Journal of 
Freshwater Ecology 13(4):391-403. 
 
Phillips, S. J., M. Dudík, J. Elith, C. H. Graham, A. Lehmann, J. Leathwick, and S. Ferrier. 2009. 
Sample selection bias and presence-only distribution models: implications for 
background and pseudo-absence data. Ecological Applications 19(1):181-197. 
 
R Development Core Team. 2015. R: a language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna. Available: http://www.R-project.org/.  
 
Roy, R., J. Beguin, C. Argillier, L. Tissot, F. Smith, S. Smedbol, and E. De-Oliveira. 2014. 
Testing the VEMCO Positioning System: spatial distribution of the probability of 
location and the positioning error in a reservoir. Animal Biotelemetry 2(1):1-7. 
Sammons, S. M., M. J. Maceina, and D. G. Partridge. 2003. Changes in behavior, movement, 
and home ranges of largemouth bass following large-scale hydrilla removal in Lake 
Seminole, Georgia. Journal of Aquatic Plant Management 41:31-38. 
 
Sammons, S. M., and M. J. Maceina. 2005. Activity patterns of largemouth bass in a subtropical 
US reservoir. Fisheries Management and Ecology 12(5):331-339. 
 
Savino, J., and R. Stein. 1989. Behavior of fish predators and their prey: habitat choice between 
open water and dense vegetation. Environmental biology of fishes 24(4):287-293. 
 
Smith, F. 2013. Understanding HPE in the Vemco Positioning System (VPS). 
Spoor, W. 1990. Distribution of fingerling brook trout, Salvelinus fontinalis, in dissolved oxygen 
concentration gradients. Journal of Fish Biology 36(3):363-373. 
90 
 
Thorstad, E. B., A. H. Rikardsen, A. Alp, and F. Økland. 2013. The use of electronic tags in fish 
research–an overview of fish telemetry methods. Turkish Journal of Fisheries and 
Aquatic Sciences 13:881-896. 
 
Valley, R. D., and M. T. Bremigan. 2002. Effects of macrophyte bed architecture on largemouth 
bass foraging: implications of exotic macrophyte invasions. Transactions of the American 
Fisheries Society 131(2):234-244. 
 
Wahl, D. H., and R. A. Stein. 1988. Selective predation by three esocids: the role of prey 
behavior and morphology. Transactions of the American Fisheries Society 117(2):142-
151. 
 
Wannamaker, C. M., and J. A. Rice. 2000. Effects of hypoxia on movements and behavior of 
selected estuarine organisms from the southeastern United States. Journal of 
Experimental Marine Biology and Ecology 249(2):145-163. 
Welch, E., G. Cooke, J. R. Jones, and T. Gendusa. 2011. DO–Temperature habitat loss due to 
eutrophication in Tenkiller Reservoir, Oklahoma, USA. Lake and Reservoir Management 
27(3):271-285. 
Werner, E. E., G. G. Mittelbach, D. J. Hall, and J. F. Gilliam. 1983. Experimental Tests of 
Optimal Habitat Use in Fish: The Role of Relative Habitat Profitability. Ecology 
64(6):1525-1539. 
 
Wetzel, R. G. 2001. Limnology: lake and river ecosystems. Elsevier. San Diego, CA. 
 
Whitledge, G. W., R. S. Hayward, and C. F. Rabeni. 2002. Effects of temperature on specific 
daily metabolic demand and growth scope of sub-adult and adult smallmouth bass. 
Journal of Freshwater Ecology 17(3):353-361. 
Whitmore, C. M., C. E. Warren, and P. Doudoroff. 1960. Avoidance reactions of salmonid and 
centrarchid fishes to low oxygen concentrations. Transactions of the American Fisheries 
Society 89(1):17-26. 
Wiley, M., R. Gorden, S. Waite, and T. Powless. 1984. The relationship between aquatic 
macrophytes and sport fish production in Illinois ponds: a simple model. North American 
Journal of Fisheries Management 4(1):111-119. 
Wood, S. 2006. Generalized additive models: an introduction with R. CRC press. 
Wood, S. 2015. Package ‘gamm4’. URL http://cran.r-project.org/web/packages/g
amm4/index.html. 
Zou, H., and H. H. Zhang. 2009. On the adaptive elastic-net with a diverging number of 
parameters. The Annals of Statistics 37(4):1733-1751. 
91 
 
TABLES AND FIGURES 
Table 4.1. Description, range, and mean of environmental covariates linked to largemouth bass 
presence and pseudo-absence locations in Ridge Lake. 
 
 
Range 
 
Range 
 Variable presence data Mean absence data Mean 
Water Depth (m) 0.00 - 5.50 1.46 0.00 - 6.30 1.94 
     Oxygen (mg/L) 0.02 - 13.97 8.62 0.00 - 14.21 7.56 
     Temperature (°C) 8.00 - 30.5 17.7 7.00 - 32.00 17.48 
     Slope (% change per m) 0.02 - 49.52 5.13 0.01 - 43.08 1.43 
     Prey Density (fish/m
3
) 0.00 - 27.68 0.65 0.00 - 36.34 4.58 
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Table 4.2. Residual deviance, percentage of total deviance explained, change in AIC, and 
effective degrees of freedom (edf) of each variable in the final GAMM model explaining habitat 
usage by largemouth bass in Ridge Lake.  
 
 
Predictor 
 
 Residual 
Deviance 
 
Percentage of total 
deviance explained 
 
Increase in AIC due to  
  removing predictor 
 
  p(x2) 
 
   edf 
Latitude 14803 6.5 2684 <0.001 9 
Longitude 14755 6.4 2637 <0.001 1 
Oxygen 17700 12.9 5457 <0.001 82 
Temperature 17685 12.9 5443 <0.001 88 
Depth 16581 10.4 4408 <0.001 39 
Slope 14695 6.2 2574   0.002 4 
PreyDensity 15101 7.1 2981 <0.001 8 
HabitatType 15671 8.4 3545 <0.001 - 
Oxygen x Depth 17006 11.4 4859 <0.001 42 
Temperature x Depth 16154 9.5 3998 <0.001 42 
Latitude x Longitude 15641 8.3 3498 <0.001 37 
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Figure 4.1. Map of Ridge Lake, Illinois depicting the VR2W telemetry array including 
hydrophone and reference transmitter locations used to track positions of largemouth bass. 
Oxygen and temperature sondes were also placed at three locations throughout the lake to collect 
vertical profiles.  
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Figure 4.2. Response plot with black circles representing the probability of largemouth bass 
occurrence in open water, vegetation, and woody structure habitats in Ridge Lake.   
 
 
 
 
 
 
 
 
 
 
 
 
 
95 
 
Figure 4.3. Response plots of explanatory variables (a) oxygen, (b) temperature, (c) depth, (d) 
prey density, (e) slope, (f) latitude and (g) longitude on the occurrence of largemouth bass in 
Ridge Lake. The y-axis is the effect of the given variable on largemouth bass occurrence 
centered on 0 (50/50 odds), and extends to both positive and negative values. Shaded areas 
indicate 95% C.I. of smoothed response curves. 
(a)                                                                        (b) 
 
      (c)                                                                        (d)   
   
      (e)                                                                        (f)       
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Figure 4.3. (cont.) 
 
      (g) 
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Figure 4.4. Contour plots of the interaction between (a) oxygen concentration and depth and (b) 
temperature and depth on largemouth bass position. The isopleths on the contour plots depict the 
additive effects of the interactions on largemouth bass position. Spaces between smaller contours 
indicate areas of higher usage, while spaces between larger contours indicate areas of lower 
usage. 
 
 
(a)                                                                        (b)     
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CHAPTER 5: CONCLUSIONS 
 Stratification coupled with nutrient loading often generates large areas of hypoxia below 
the thermocline of aquatic systems during the summer, resulting in considerable habitat loss for 
fish and other aquatic life. Habitat loss is further exacerbated by high surface temperatures that 
arise during the summer, causing an oxygen-temperature squeeze. The effects of this 
phenomenon on fish distribution have been well documented for large lakes, estuaries and 
coastal waters. However, few studies have examined the effects of low dissolved oxygen (and 
high temperatures) that arise from summer stratification on fish species located in smaller inland 
lakes and reservoirs.  
 I investigated the effects of low dissolved oxygen along with several other environmental 
variables on largemouth bass, a popular sportfish common throughout inland lakes and 
reservoirs. My results suggest that largemouth bass behaviors as well as their distribution are 
altered by the presence of low dissolved oxygen concentrations. In a laboratory setting, juvenile 
largemouth bass were subjected to mixed (uniform oxygen and temperature) and stratified (cool 
hypoxic hypolimnion, warm oxygenated epilimnion) water columns while their foraging 
behaviors were observed. Consumption, prey handling efficiency and time spent below the 
thermocline were found to decrease dramatically at oxygen concentrations ≤ 3 mg/L. 
Additionally, individual bass were observed utilizing several unique behaviors while foraging in 
low oxygen environments. Results from this study indicate that hypoxic areas may restrict access 
to prey resources and that fish alter their behaviors while foraging in low oxygen environments. 
Consequences may arise for fish relying on benthic resources as their primary food source, 
especially juvenile fish that need to reach a critical size threshold to successfully overwinter. 
While this study provided insights that could have only been observed in a laboratory setting, 
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several other environmental variables may influence behaviors and distributions of bass in 
natural environment.  
 Using acoustic telemetry, I tracked positions of largemouth bass in a lake to investigate 
oxygen and temperature selection. The relative importance of these abiotic variables to habitat 
selection in relation to a suite of other biotic and physical habitat variables was also examined. In 
general, largemouth bass selected favorable oxygen concentrations and temperatures, and moved 
vertically in the water column to remain within suitable habitat areas despite large portions of the 
water column containing unfavorable oxygen concentrations or temperatures. However, 
individuals from our tagged population were frequently observed below the thermocline in 
hypoxic areas. This suggests that hypoxia does not act as an absolute barrier to movement and is 
comparable to what other studies have found. Other studies have indicated reasons for occupying 
low oxygen areas may include opportunistic foraging and crowding of suitable habitats. Further 
research is required to determine rationale for venturing into unfavorable habitats. In relation 
additional abiotic, biotic and physical habitat variables, oxygen concentration was found to be 
most influential in determining largemouth bass location. Several other variables including 
temperature, depth and the interactions between oxygen and depth, along with temperature and 
depth were also influential. Similar to previous research, largemouth bass were found to be 
positively associated with woody structure. Contrary to other studies, largemouth bass were not 
strongly associated with vegetated habitats or prey fish density.  However, these results could be 
an artifact of the high vegetation density and specific prey species assemblage found in our study 
system. 
 Laboratory and field analyses indicate that dissolved oxygen may influence largemouth 
bass behavior and distributions in lakes and reservoirs. While exposure to low dissolved oxygen 
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concentrations may not result in direct mortality, indirect consequences (decreased consumption 
and growth, increased competition, habitat shifts, behavior modifications) are likely to plague 
fish populations in these systems. Further research is required to quantify the effects that low 
oxygen concentrations can have on largemouth bass, specifically how short and long term 
exposure to stratified conditions impact growth and energetics. Moreover, effects on additional 
fish species should be investigated as largemouth bass are considered to be more tolerant of 
varying oxygen concentrations and temperatures when compared to other lake and reservoir 
species.  
   
